CELLULAR IMMUNOLOGY 152, 556-568 (1993) 



I. A Novel Monoclonal Human IgM Autoantibody which Binds 
Recombinant Human and Mouse Tumor Necrosis Factor-a 

Petra Boyle, Kenneth J. Lembach, and Gayle D. Wetzel 

Pharmaceutical Division, Biological Products, Cellular and Molecular Biology Research, Miles Inc., 
P.O. Box 1986. Berkeley, California 94701 

Received May 28, 1993; accepted August 6, 1993 

Several monoclonal human IgM antibodies to recombinant human tumor necrosis factor-a 
(rhTNFa) have been generated and partially characterized. The F78-I A I0-B5 monoclonal antibody 
(mAb) (B5) binds to rhTNFa with a titer comparable to three high-affinity neutralizing mouse 
mAbs, when tested by ELISA. However, the B5 mAb binds relatively weakly to soluble rhTNFa. 
It appears to bind to epitopes on rhTNFa distinct from those bound by the mouse mAbs for 
three reasons. First, preincubation of plate-bound rhTNFa with mouse mAbs does not decrease 
or compete subsequent B5 mAb binding. Second, rhTNFa complexed to the mouse mAbs can 
still be bound by B5 mAb. Third, the mouse mAbs neutralize TNFa cytotoxicity whereas the B5 
mAb does not. Binding analyses indicate that this human IgM autoantibody binds to both human 
and mouse recombinant TNFa, but not to other antigens commonly recognized by poly reactive 
natural IgM autoantibodies. The high level of amino acid identity between the human and mouse 
TNFa molecules suggest that the B5 mAb is monospecific for a given epitope shared by these 
two forms of TNFa. This spectrum of characteristics makes B5 a novel mAb. &v mi Academic 

Press. Inc. 

INTRODUCTION 

Tumor necrosis factor-a (TNFa) is a pluripotent and pleiotropic cytokine (for recent 
reviews see Refs. 1-5). Although produced principally by activated macrophages, its 
synthesis and secretion have also been observed using granulocytes (6), tonsil B cells 
and B cell lines (7), natural killer cells (8), T cell lines, and peripheral blood T cells 
(9). TNFa has been reported to induce thymocyte growth (10), B cell growth and 
maturation (11, 12), hemorrhagic necrosis in vivo (13), weight loss, cardiovascular 
collapse, and multiple organ failure (1, 2). Naturally, these latter activities are the 
source of the clinical interest in TNFa. ; * 

During septic shock, as well as inflammatory diseases, synthesis and secretion of 
TNFa, IL-1, IL-6, and IL-8 have been documented. Hence, the immune systems of 
some individuals are exposed chronically to these cytokines. Indeed, low-affinity an- 
tibodies to TNFa (14, 15) and to IL-la (15) have been reported. These anti-TNFa 
autoantibodies may, however, not be specific (16). One peculiar feature of human 
serum, as well as sera from other animals, is its content of natural and so-called 
polyreactive antibodies. These are usually IgM antibodies which bind to various au- 
toantigens with low affinity (17,1 8). Hence the autoantibody-like reactivity to human 
TNFa might be expected to be low affinity and probably cross-reactive with several 
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other antigens. Despite these considerations, some high-affinity neutralizing antibodies 
to IL- i a in normal ( 1 9) or patient (20) sera have been reported. 

We have produced several human monoclonal antibodies (mAbs) which bind to 
human TNFa. Here we characterize some of these IgM mAbs. Although many showed 
either intermediate or broad polyreactivity, as defined by binding to a panel of antigens, 
one particular mAb, B5, is characterized in detail since it appears to be monospecific 
for a determinant shared by mouse and human TNFa. 

MATERIALS AND METHODS 

Reagents 

P. Stadler (Bayer, Wuppertal, Germany) provided recombinant human TNFa 
(rhTNFa). The recombinant mouse TNFa (rhTNFa) and recombinant human lym- 
photoxin (rhTNF/S) were purchased from Genzyme. Human IgG Fc fragments were 
purchased from Chemicon. Collagen was purchased from Boehringer Mannheim. All 
other antigens were purchased from Sigma. TNF was biotinylated using standard 
techniques; briefly, Af-hydroxysuccinimidyl ester of biotin was added to TNF dissolved 
in 50 mMNaHC0 3 , pH 8.5, for 15 min, quenched with NH 4 Cl, and then dialyzed 
to remove unreacted biotin. The A10G10 anti-hTNFa IgG, mouse mAb was generated 
in collaboration with Chiron Corporation (Emeryville, CA). The A6 and B6 mouse 
IgG, mAbs were generated from mice hyperimmunized in our laboratory. All three 
mouse mAbs neutralize TNF cytotoxicity and have been described (21). These mAbs 
were purified by affinity chromatography. The polyreactive IgM mAbs 1A6B5F and 
F2.2.34 were produced and characterized elsewhere (22). The 7T1 human IgM mAb 
was produced and provided in ascites form by Professor M. Hoffmann (New York 
Medical College, Valhalla, NY). The 6F1 1-E4 (6F1 1) human IgM mAb is specific for 
Fisher type 2 Pseudomonas LPS and was produced by an EBV-transformed B cell 
lymphoblastoid line obtained from Genetic Systems Corporation (Seattle, WA). It 
serves as an isotype-matched control mAb for the human anti-rhTNFa mAbs. The 
C7F7 mAb is a mouse IgGi anti-hFVIII developed in collaboration with Genentech 
Inc. (South San Francisco, CA) and is used as an isotype-matched control mAb for 
the mouse anti-rhTNFa mAbs. Biotinylated mouse anti-human IgM, goat anti-mouse 
IgG, and biotinylated goat anti-human IgG were purchased from Jackson Labs. Bi- 
otinylated goat anti-mouse IgG was purchased from Zymed. Avidin-coupled HRP 
and avidin-coupled alkaline phosphatase were purchased from Zymed. 

ELISAs 

Antigens or capture antibodies (anti-immunoglobulin antibodies) were coated to 
plastic plates in carbonate/bicarbonate buffer, or PBS containing 20 ng/m\ BSA, over- 
night at 4°C or for 3 hr at 37°C. Secondary incubations were carried out overnight 
at 4°C or at room temperature for a period of 2 hr or less. Secondary antibodies were 
biotinylated and their binding was detected using avidin-coupled HRP and avidin- 
coupled alkaline phosphatase. 

Hybridoma Production 

The human IgM mAbs listed in Table 1 were produced by fusion with the mouse 
P3X63Ag8.653 nonsecreting myeloma. Peripheral blood mononuclear cells from a 
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CMV-positive donor were separated by centrifugation on Ficoll, treated with L-leucyl 
leucine methyl ester, incubated in vitro with antigen, and subsequently transformed 
with EBV. Transformants were distributed at limiting concentrations and cells pro- 
ducing antibody binding to TNF were fused and subsequently subcloned. The B5 
hybridoma was subcloned a minimum of five times. The H5 and 7T1 mAbs were 
produced by fusion of human tonsillar cells immunized in vitro by Dr. M. Hoffmann. 
Monoclonal human IgM antibodies were affinity purified by standard techniques, as 
described by others (23) for use in subsequent experiments. 

Cytotoxicity A ssay 

To assess the TNF-neutralizing ability of various mAbs, the assay described by 
others (21) was used with the following minor modifications. Briefly, 20 pg/ml TNF 
was incubated overnight with 60,000 WEHI 164 cells and the test mAb. Viable cells 
were then detected by crystal violet staining and reading optica! density at 570 nm. 

Western Blotting 

Recombinant hTNFa (100 ng/m\ plus 100 jig/ml BSA) and recombinant mTNFa 
(5 /xg/ml with 500 /xg/ml BSA) were electrophoresed in the presence of 0-mercapto- 
ethanol and SDS on 12% polyacrylamide gels. Proteins were then electro-transferred 
to nitrocellulose paper which was then blocked with BSA. Test mAbs were allowed 
to bind and were subsequently detected with biotinylated anti-immunoglobulin re- 
agents. Streptavidin-HRP was then added followed by substrate. 

RESULTS 

The Monoclonal Human IgM Antibody B5 Binds to Solid-Phase Recombinant Human 
TNF 

Several hybridomas secreting monoclonal anti-rhTNFa antibodies have been es- 
tablished in our laboratory. Table 1 presents an endpoint titer analysis comparing a 

TABLE l 



Comparison of Solid-Phase ELISA Format rhTNFa Binding by Several Monoclonal Antibodies 





Endpoint titer 




mAb 


(ng/ml) 


lg class 


AI0GI0 


0.6 


Mouse IgG 


A6 


0.15 


Mouse IgG 


B6 


0.08 


Mouse IgG 


F78-IAI0-A1 


0.3 


Human IgM 


F78-1AIO-B5 


0.6 


Human IgM 


F80-IB9-FI2 


0.15 


Human IgM 


F8I-4E3-D6 


9.8 


Human IgM 


F83-ID6-B6 


625.0 


Human IgM 


D83-1D6-F6 


1250.0 


Human IgM 



Note. ELISA plates were coated with 2 ^g/ml rhTNFa. The indicated mAbs were added in titrated con- 
centrations and binding was assessed spectrophotometrically using enzyme-linked antibodies. The minimum 
mAb concentrations yielding detectable rhTNFa binding are shown. 
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panel of six human IgM mAbs to three high-affinity neutralizing mouse mAbs, A 10G 10, 
A6, and B6. Soluble rhTNFa was bound to plastic plates and each mAb was added 
in titrated doses. The final concentrations of mAb at which rhTNFa binding was 
observed are presented. B5 and F 1 2 (F80- 1 B9-F 1 2) and A 1 (F78- 1 A 1 0- A 1 ) were three 
of the best human IgM mAbs by this analysis, showing endpoint titers in the subnano- 
gram/milliliter range, comparable to the three mouse mAbs. 

Figure 1 presents a more extensive comparison of the human B5 and mouse A 10G 10 
mAbs. Binding of both mAbs was concentration dependent regardless of TNF coating 
concentration. The B5 mAb appeared to bind slightly better than A10G10 with high 
TNF coating concentrations. As the TNF coating concentration was reduced, however, 
the binding of B5 decreased more rapidly than that of A10G10. This is consistent 
with B5 having a lower affinity than A10G10 for rhTNFa. 

R5 m<4b Binds to an Epitope on rhTNFa Different than Those Bound by Three Mouse 
Anti-TNF tnAbs 

Competitive binding experiments have shown that A10G10 and B6 recognize similar 
epitopes on rhTNFa whereas A6 recognizes a different epitope (data not shown). To 
examine the epitope binding specificity of B5, competitive binding experiments were 
performed using the mouse mAbs and B5. The mouse mAbs were added at different 
concentrations to EL1SA plates previously coated with TNFa. An optimum concen- 
tration of B5 mAb was then added and binding was subsequently detected with bio- 
tinylated anti-human IgM. If the mouse mAbs recognize the same epitope as B5 mAb, 
they should inhibit B5 mAb binding in a concentration-dependent manner. As shown 
in Fig. 2A, the binding of the mouse mAbs to plate-bound rhTNFa is concentration 
dependent. Figure 2B shows that none of the mouse mAbs interfered with the rhTNFa 
binding by a fixed amount of B5 mAb, even at concentrations of the mouse mAbs 
significantly in excess of those required for maximal binding to the plate. These data 
suggest that B5 recognizes an epitope on rhTNFa different from those recognized by 
A10G10, A6, and B6. 

To support this finding, rhTNFa was added to ELISA plates previously coated with 
the combination of A10G10, B6, and A6 mAbs. B5 mAb was then added to test 
whether it could bind to rhTNFa complexed to, or captured by, the mouse mAbs. 
Figure 3 shows that B5 and all the other human IgM mAbs, except 7T1, bound to 
rhTNFa complexed to mouse mAbs. Binding of the human mAbs was not seen in 
the absence of rhTNFa, demonstrating specificity for some component of rhTNFa. 
The failure of 7T1 mAb to bind to complexed TNF may be simply due to a low 
affinity. These results support the conclusion that the human IgM mAbs B5, Fl 2, A 1 , 
B6, and D6 and the three mouse mAbs recognize different epitopes on rhTNFa. 

B5 mAb Is Not Polyreactive 

Since B5 mAb is a human IgM which binds to human TNFa, and therefore has 
properties which define it as an autoantibody, it was important to determine the spec- 
ificity of this mAb and assess its polyreactivity. We chose a panel of human and non- 
human antigens typically used to define polyreactivity. Binding to these antigens by 
B5 mAb, A10G10, two control polyreactive human IgM mAbs I A6B5F and F2.2.34 
(22) and two other human IgM anti-TNF mAbs were compared. The results have 
been normalized for each antibody to allow direct comparison. Figure 4 presents the 
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Fig. I. Comparison of solid-phase ELISA format binding to rhTNFa of human mAb B5 and mouse mAb 
AI0G10. ELISA plates were coated with various concentrations of TNF and titrated doses of mAb were 
then allowed to bind. Shown are the binding curves for each antibody for the various TNF coating concen- 
trations. 



data from one of four similar experiments. The mouse mAb A I0G 10 binds specifically 
to rhTNFa and none of the other antigens. In contrast, the polyreactive mAb 1 A6B5F 
binds to virtually all of the antigens tested. The same was true for the other polyreactive 
mAb F2.2.34 although binding to BSA and TNF was much stronger than that seen 
with the other antigens. The B5 mAb showed specificity for rhTNFa. No binding by 
B5 mAb to recombinant human lymphotoxin (rhTNF/3) nor to any of the other antigens 
tested was observed. These data provide evidence that the B5 mAb is not polyreactive. 

In contrast, the 7T1 and H5 human IgM mAbs bind to human Fc fragments, 
indicating a rheumatoid factor nature. These two antibodies also bind to insulin and 
7T1 binds BSA, as well. The control polyreactive mAbs appear to define two classes 
of polyreactivity, one being very broad in specificity and the other being more restricted 
in the antigens recognized. The 7T1 and H5 mAbs belong to the more restricted class 
of polyreactive mAbs. The F12 anti-TNF mAb binds to human TNFa but only mar- 
ginally to other antigens. 
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Fig. 2. Lack of TNFa binding competition between mouse mAbs and B5 mAb. Panel A shows three 
mouse anti-TNF mAbs and control C7F7 anti-rFVIIl mAb binding to rhTNFa. Panel B shows the lack of 
inhibition of the binding of an optimal concentration of B5 to plate-bound TNF when the indicated con- 
centrations of mouse mAbs were first allowed to bind. 



B5 mAb Binds to Recombinant Mouse TNFa 

During the course of analyzing the specificity of the B5 mAb, we noticed that it 
also bound to mouse TNFa. To demonstrate this, we first captured mouse TNFa with 
a neutralizing hamster monoclonal antibody and then allowed B5 to bind to this 
complex. Figure 5 shows the results of this kind of experiment. The binding of B5 
was dependent on both the concentration of B5 present and on the concentration of 
hamster antibody used to coat the plates. No binding was observed when mouse TNFa 
was not added, indicating the specificity of B5 binding in this system. Other experiments 
not shown revealed binding to mouse TNFa by the F12 mAb. 

B5 mAb Binds to Soluble rhTNFa with Detectable but Low Affinity 

Next, we assessed the ability of the B5 mAb to bind to soluble rhTNFa. ELISA 
plates were coated with anti-human IgM and B5 was then added. The ability of the 
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Fig. 3. Binding of human IgM anti-TNF mAbs to rhTNFa captured and presented as a complex by the 
combination of plate-bound mouse mAbs AI0G10, B6, and A6. ELISA plates were coated with the three 
mouse mAbs and then incubated with rhTNFa. Plates were washed and 20 /ig/ml of the indicated human 
IgM mAbs was then allowed to bind. Solid bars show the binding of the human IgM mAbs to the three 
mouse mAbs which had been incubated with TNF, and the hatched bars show binding of the IgM mAbs 
when the attached mouse mAbs had not been exposed to TNF. 



bound B5 mAb to capture biotinylated rhTNFa was then determined. Figure 6 com- 
pares the binding of soluble TNFa to A 10G 10 and B5 under these conditions. Although 
both mAbs were found to bind soluble rhTNFa, the concentration of B5 mAb required 
for equivalent binding of the antigen was at least 300-fold greater than that of A 1 0G 1 0. 
Furthermore, binding of soluble TNFa to immobilized B5 did not saturate with the 
concentrations of B5 tested. These results are consistent with a low-affinity binding 
of rhTNFa by B5 mAb. Indeed, attempts to measure the binding constant of B5 mAb 
revealed an affinity too low to calculate by conventional methods (data not shown). 

Soluble rhTNFa binding by B5 was also demonstrated by coating plates with anti- 
IgM , capturing B5, and then adding unmodified soluble rhTNFa. A 10G10 was added 
next and its binding to this B5-complexed form of rhTNFa was detected with biotin- 
ylated anti-mouse IgG. Figure 7 compares the abilities of B5 and a control human 
IgM, 6F1 1, to capture and present soluble rhTNFa to A10G10. Although some non- 
specific binding was seen with the control mAb, B5 mAb bound approximately four- 
to eightfold more rhTNFa in this experiment. These data are consistent with a low 
binding constant of B5 and add further support for the concept that B5 mAb and 
A10G10 mAb recognize different epitopes on rhTNFa. 

B5 mAb Recognizes rhTNFa in Western Blots 

Figure 8 shows the results of an experiment using Western blotting to demonstrate 
B5 binding to denatured TNFa. In lanes A-F, binding to mouse TNFa was examined 
and in lanes G and H binding to human TNFa was examined. The 6FI 1 antibody 
did not bind to either TNFa species and so provides a specificity control. All of the 
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Fig. 4. Analysis of the binding specificities of several m Abs. Plates were precoated with either recombinant 
human TNF« (■), recombinant human lymphotoxin (♦), human insulin (□), porcine ihyroglobulin (A), 
BSA (O) ssDNA (■), dsDNA (□) or human IgG Fc fragments (A). Mouse mAb AI0GI0 is shown in A. 
Human IgM mAbs B5, 7T1, H5, IA6B5F, and F2.2.34 are shown in B, C, D, E, and F, respectively. 



human IgM mAbs, 7T1, H5, 1A6B5F, and B5, bind to mouse TNFa. Furthermore, 
the B5 antibody also binds to human TNFa, under these conditions. The polyreactive 
mAbs bind human TNFa in Western blots as well (data not shown). These results 
suggest that B5 may recognize a linear epitope of rhTNFa. 

B5 mAb Does Not Neutralize the Cytotoxicity of rhTNFa 

The TNF-sensitive cell line WEHI 164 was used to assess the ability of B5 mAb to 
neutralize TNFa cytotoxicity. Figure 9 shows that A10G10 clearly neutralizes rhTNFa 
in a dose-dependent manner, as previously demonstrated by others (21). At no con- 
centration of B5, however, was any neutralization of rhTNFa observed. The same is 
true for the three other human IgM anti-TNFa mAbs, B6, F12, and 7T1. These data 
add further support to the idea that B5 and A10G10 bind different epitopes of TNF 
and are consistent with the weak ability of B5 mAb to bind soluble rhTNFa. 
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Fig. 5. Binding of B5 to recombinant mouse TNFa. Plastic plates were prccoated with a neutralizing 
monoclonal hamster anti-mouse TNFar antibody at 8 /ig/ml (squares), 4 ^g/ml (triangles), and 2 /ig/ml 
(circles). Recombinant mouse TNFa was then added at 2 Mg/ml (filled symbols) or was not added (open 
symbols). Human mAb B5 was then allowed to bind at the concentrations indicated. Binding was then 
assayed with anti-human IgM antibody. 



DISCUSSION 

To our knowledge, this is the first report of a monoclonal human autoantibody 
specific for human and mouse TNFa. It is unclear whether the CMV-seropositive 
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Fig. 6. Comparison of B5 mAb (triangles) and mAb AI0GI0 (circles) binding to soluble rhTNFa. MAbs 
were bound to plastic plates precoated with anti-human or anti-mouse antibody. Biotinylated TNF was then 
incubated with the antibodies and binding was detected by enzyme-avidin conjugates. 



HUMAN ANTI-TNFa mAb B5 



565 



1.0 




0.0 I I ■ i 1 i ' I ' ' ' 1 ! ■»■■■ 

100 50 25 12.5 6.25 3.1 1.6 0.8 0.4 0.2 none 

jig/ml TNF 

Fig. 7. Captured B5 mAb binds soluble TNFa weakly and presents it to AI0G10 mAb. B5 mAb anti- 
TNFa or 6F1 1 (human anti-LPS IgM) as a control, were allowed to bind to plates precoated with anti- 
human lgM. Soluble TNFa was then allowed to bind to the complexed human mAbs. Mouse mAb AI0GI0 
was added and its binding to complexed TNF was detected by enzyme-linked anti-mouse IgG antibody. 



donor origin of B5 mAb is significant. The antibody is clearly different from the mouse 
mAbs we have generated to TNFa, all of which are neutralizing (21). 

Three lines of evidence suggest that B5 mAb recognizes an epitope different from 
those recognized by the mouse mAbs described. First, there is no competition between 
the human and mouse mAbs for binding to plates coated with TNF. Second, TNF 
bound by the human mAb can be recognized by the mouse mAbs and vice versa. 
Finally, B5 mAb does not neutralize rhTNFa whereas the mouse mAbs do. One might 
argue that TNFa is a trimer and, as such, TNFa bound to neutralizing mouse mAbs 
attached to plates can still present an identical epitope to be recognized by mAb B5. 
The lack of competition between the mouse mAbs and mAb B5 for plate-bound 
TNFa is a strong argument against this possibility. The competition data in combi- 
nation with the lack of neutralizing activity of B5 mAb support the interpretation of 
distinct epitope recognition by the mouse and human mAbs. The biological effects of 
TNFa, especially the ability of the cytokine to promote Ig secretion by human B cells, 
may preclude the generation of a high-affinity neutralizing human anti-TNFa au- 
toantibody by the techniques used and may also explain the different epitope speci- 
ficities of B5 mAb and the three neutralizing mouse mAbs. 

The base of the bell-shaped trimeric TNFa molecule, which contains the amino 
terminus apposed to the carboxy terminus, is the region of the molecule which binds 
to TNF receptors (24, 25). Since the mouse mAbs used in this report neutralize TNFa, 
as well as block binding of TNFa to its receptors (S. Faris and C. Galloway, personal 
communication), it is likely that an epitope in the base of the trimer is recognized by 
these antibodies. The B5 mAb, and the other human IgM mAbs, can recognize trimeric 
and monomelic TNFa, as judged by binding in ELISA and Western blotting exper- 
iments. From the data presented in this report, one might speculate that the B5 mAb 
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Fig. 8. Western blotting of rmTNFa (lanes A-F) and rhTNFa (lanes G and H). TNF« was electrophoresed 
under reducing conditions and transferred to nitrocellulose. Mouse TNFa was blotted with the following 
monoclonal antibodies: 7T1 (A), B5 (B), IA6B5F (C), 6F1 1 (D), H5 (E), and no primary antibody (F). 
Lanes A-F were developed and then exposed to biotinylated anti-human IgM followed by avidin-coupled 
horse radish peroxidase. Human TNFa was used in lanes G and H. The mAb 6F1 1 was used to blot lane 
H and B5 was used for lane G. These were then exposed to biotinylated anti-human IgM followed by avidin- 
coupled horse radish peroxidase. Molecular weight standards, ranging in molecular weight from 211 to 1 5.4 
kDa, were run in parallel and their positions are indicated. 



sees a region of the TNFa molecule closer to the "top" of the trimer. The B5 mAb 
showed specificity for rhTNFa and some cross-reactivity with recombinant mouse 
TNFa. This is consistent with the observed 79% amino acid identity of these two 
species of TNFa (26). It is interesting, however, that several of the human mAbs 
analyzed bind both mouse and human TNFa. This contrasts with the observation 
that mouse anti-human TNFa mAbs rarely bind mouse TNFa. In fact, we are aware 
of only one report of a single murine anti-human TNFa mAb which also binds murine 
TNFa (27). 

The weak binding of B5 mAb to soluble TNFa is consistent with a low binding 
constant of the mAb for the ligand. Nevertheless, the valency of this IgM mAb can 
outweigh this shortcoming so that B5 can bind to solid-phase TNFa as well as, or 
better than, the high-affinity neutralizing mouse anti-TNFa mAbs tested. Apparently, 
multipoint binding allows the mAb B5 to adhere strongly to TNFa when a sufficient 
antigen density is available. The ability of B5 to bind to the integral membrane protein 
form of TNFa, somewhat analogous to solid-phase TNFa, and the biological conse- 
quences of such binding are the subjects of a separate report. 

Although B5 appears to bind with low affinity, we show that it binds specifically to 
TNFa and fails to bind to any of the other antigens tested. This contrasts with the 
observed binding of two other control polyreactive mAbs. Hence, B5 appears to be 
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F.G 9 Neutralization of rhTNFa by A10G10 mouse mAb and lack of neutralization by human mAbs. 
WeS L ee" were incubated with a cytotoxic dose of rhTNFa in the prince of t.trated concentn.t.ons 
of m Ab. Viability was assessed approximately 20 hr later, as described under Matenals and Methods. 



monospecific for an epitope shared by mouse and human TNF«. These 

classify B5 as an autoantibody and distinguish it from other mAbs so far described. 
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A human IgM monoclonal antibody (B5) recognizing human TNF« was established from 
peripheral blood lymphocytes by transformation with Epstein-Barr virus and subsequent cell 
fusion. The B5 monoclonal antibody (mAb) binds to cell surface TNF« (csTNF«) on human T 
cells B cells, and monocytes. In addition, this autoantibody binds to csTNFa on a variety of 
lymphoid and monocyte lineage cell lines of human origin, as well as astrocytomas, a breast 
carcinoma, and a melanoma. Interestingly, the B5 mAb also binds to chimpanzee lymphocytes 
and to mouse T lymphoma cell line csTNFa. Many neutralizing mouse anti-TNFa mAbs do not 
exhibit comparable binding to csTNFa. This is consistent with the previous demonstration that 
B5 recognizes an epitope on TNFa distinct from those recognized by three neutralizing mouse 
anti-TNFa mAbs. B5 binding to csTNFa is specific since it can be inhibited by TNFa^No 
inhibition of B5 binding was seen by a neutralizing mouse anti-TNFa mAb. The B5 autoantibody 
appears to recognize the transmembrane form of TNFa and most likely also recognizes TNFa 
associated with its receptor. The unique specificity of this B5 autoantibody provides some additional 
insight into the complex physiology of cell surface-associated TNFa. © 1993 Academic Press, inc. 



INTRODUCTION 

A variety of different cell types produce and secrete TNFa/cachectin including 
monocytes (for reviews see 2-6), T lymphocytes (7), NK cells (8), B lymphocytes (9, 
10), transformed B cell lines (9, 1 1), primary chronic malignant B cell isolates (12), 
and nonhemopoietic cells (13, 14). TNFa can also be expressed on cell surfaces (15- 
02) Cell-associated TNFa apparently exists in two forms. One is an integral type 2 
transmembrane protein with a 26-kDa molecular weight, as shown for monocytes 
(16 17) and T cells (21). The other form is the secreted 17-kDa product which is 
bound to its receptor (15, 23). The existence of cell surface TNFa is supported by 
several findings. Plasma membrane preparations of activated monocytes or paraform- 
aldehyde-fixed intact cells, for example, demonstrate cytotoxic activity against TNFa- 
sensitive targets. This cytotoxicity can be blocked with antibody or neutralizing antisera 
to TNFa (15, 16, 19, 23). Furthermore, these cell membranes express a 26-kDa form, 
a 17-kDa form, or both forms of TNFa when subjected to Western blotting (15, 18, 
21, 23). Activated T cells express an epitope recognized by a neutralizing anti-TNFa 
monoclonal antibody (mAb) (21). 
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We recently described a human monoclonal anti-human TNFa antibody called B5 
mAb (1). This antibody does not neutralize TNFa nor does it compete with neutralizing 
mouse antibodies for binding to TNFa. It thus appears to recognize a nonneutralizing 
epitope of TNFa. In this report, we show that this human autoantibody binds to cell 
surface TNFa (csTNFa) on human monocytes, B and T lymphocytes, and a variety 
of cell lines. 

MATERIALS AND METHODS 

Reagents 

The mouse and human mAbs used in these experiments have been described pre- 
viously (1). Briefly, B5 is a human IgM monoclonal antibody generated in our labo- 
ratory which recognizes both human and mouse TNFa. It does not neutralize TNFa 
cytotoxicity nor does it bind to epitopes recognized by several neutralizing mouse 
antibodies. A10G10 and A6 are mouse IgGi neutralizing anti-human TNFa mAbs 
and have been described previously (1). Phorbol myristic acetate (PMA), mouse IgGi , 
staphylococcal enterotoxin B, and phytohemagglutinin (PHA) were purchased from 
Sigma (St. Louis, MO). Escherichia coli LPS was a gift from S. Faris (Miles Inc, 
Berkeley, CA). Phycoerythrin (PE) conjugated anti-CD3 and anti-CD 19 antibodies 
were purchased from Dakopatts (Carpenteria, CA). PE-conjugated anti-CD 14 (LeuM3) 
was purchased from Becton-Dickinson (San Jose, CA). Fluorescein (FL) conjugated 
F(ab')2 anti-human IgM, FL-F(ab') 2 anti-human IgG, and FL-F(ab') 2 anti-mouse IgG 
antibodies were purchased from Cappel (Organon Teknika Corp., Durham, NC). Fetal 
bovine serum (FBS) was purchased from Hyclone (Salt Lake City, UT). The cell lines 
mentioned in Table 1 were all purchased from the ATCC (Bethesda, MD), except for 
the 8B9-Epstein-Barr virus (EBV)-transformed human B cell line which was obtained 
from Genetic Systems, Inc. The Staphglococcas aureus Cowan strain was purchased 
from Calbiochem (San Diego, CA). The anti-human IgD-dextran conjugate was a 
kind gift of Dr. F. Finkelman (USUHS, Bethesda, MD). Estapor uniform latex particles 
dyed with propidium iodide, 0.1 /*m diameter, were purchased from Bangs Lab, Inc. 
(Carmel, IN). These were coupled with antibodies by incubating them with antibody 
at 1 mg/ml in bicarbonate buffer, pH 9.6, for 16 hr at 4°C. These were washed with 
PBS/BSA, blocked with PBS/ 1.5% BSA, and stored in PBS with azide and 1% FBS. 



Fluorescence Analyses 

One million cells were incubated with optimal concentrations of primary antibody, 
usually 10 ^g/ml unless otherwise indicated, at 4°C for 1 hr in PBS containing 1% 
FBS and 0.02% sodium azide. Optimal concentrations of fluorescent secondary an- 
tibodies were added, after two cell washes, for a similar time in similar buffer. After 
washing, cells were fixed with 1% paraformaldehyde solution. Fluorescent latex particles 
conjugated with antibodies were also titrated and used at optimal concentrations. Two 
color analyses were performed using PE- or FL-conjugated anti-CD3, CD 1 9, or CD 1 4 
antibodies and FL-conjugated secondary antibodies or antibodies coupled to propidium 
iodide-labeled particles, respectively. Cell fluorescence was analyzed on a FACSCAN 
(Becton-Dickinson). 
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RESULTS 

The B5 mAb Anti-rhuTNFa Binds to the Surface of Several Different Cell Lines 

Since the B5 mAb binds specifically to rhuTNFa, it was used to examine cell surface 
expression of TNFa by various cell lines. Fig. 1 shows the results of a typical experiment. 
An EBV-transformed human B lymphoblastoid cell line, 8B9, and a human monocyte 
cell line, THP-1, were incubated with either B5 anti-TNFa mAb or, as a control, the 
6F1 1 anti-pseudomonas LPS mAb and then fluorescent anti-human IgM F(ab') 2 frag- 
ments. The 8B9 cells showed significant binding of the B5 mAb whereas no significant 
binding to the cell surface was seen with the control 6F1 1 mAb. B5 binding was also 




Fluorescence Intensity (Arbitrary Units) 

Fig. I. Fluorescence histograms of two cell lines incubated with human IgM anti-TNF« mAbs. HB9 cells 
(A C E G) and THP-1 cells (B, D, F, H) were incubated with no antibodies (A, B), with FL-F(ab') 2 anti- 
human IgM (C, D), B5 IgM anti-TNF« + FL-anti-!gM (E, F), and 6F1 1 anti-LPS + FL-anti-IgM (G. H). 
Fluorescence intensity, in arbitrary units, is plotted against the cells per channel on the ordinate. For each 
sample 5000 cells were accumulated. Percentages of cells falling within the indicated markers, scored as 
lluorescence positive, are given. 
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observed with THP-1 cells. However, fewer cells in this population exhibited binding 
and the intensity of the fluorescent signal was somewhat lower than that seen for the 
8B9 cells. Nearly one-third of the cells in the THP-1 population expressed csTNFa, 
as detected with the B5 mAb. It is unclear whether this level of B5 binding reflects 
some regulation of csTNFa expression or whether it is due to clonal variation within 
the cell line. 

Detection of csTNFa was examined more closely with the THP-1 monocyte and 
U937 histiocyte cell lines. These cells were incubated for 3 hr with no stimulus, LPS, 
or LPS + PM A and were then incubated with titrated amounts of B5 antibody. The 
results are shown in Fig. 2. In all cases, B5 binding to cells was dose dependent. 
Interestingly, more binding was observed for both cell lines when they were prein- 
cubated with LPS or LPS + PMA. This was especially apparent for the U937 cell line. 
Upon stimulation, B5 binding to the cells was readily apparent, even using low con- 
centrations of antibody. These results are consistent with the known ability of LPS 
and PMA to induce TNF secretion by monocyte cell lines. 




o -* — i — ■ i ■ — i — ' — i — ■ — i — ■ — i — « — i — > 

none 0.3 0.6 1.25 2.5 5.0 10.0 
/ig/ml B5 anti-TNF monoclonal antibody 

100 n B 




none 0.3 0.6 1.25 2.5 5.0 10.0 
fig/ml B5 anti-TNF monoclonal antibody 

FlG. 2. Detection of cell surface expression of TNFa on THP-l and U937 cells with the B5 anti-TNF« 
mAb and increase in expression with LPS and PMA. THP-1 (A) and U937 (B) cells were incubated 3 hr 
with medium (open circles), LPS (filled circles), or LPS + PMA (filled triangles). Fluorescence was determined 
with a FACSCAN. 
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Table 1 shows experiments in which csTNFa expression was surveyed using a variety 
of human and mouse cell lines. Surprisingly, B5 bound to cells derived from both 
species. Many of the cell lineages tested have been reported to secrete TNFa. Of the 
17 lines tested, only the breast carcinoma Ul 18MG line showed no binding by B5. 
The other cell lines exhibited a range in the percentages of cells within each population 
which expressed csTNFa from a low of around 8% for the A375 melanoma to over 
90% for EBV-transformed B cells. The class-matched 6F1 1 anti-LPS mAb failed to 
bind to any of these cell lines. This observation and the negative results with U 1 1 8MG 
indicate that the B5 binding seen was specific and not the result of a general affinity 
for all cells. 

Lack of a Neutralizing Mouse Anti-TNFa mAb Binding to csTNFa 

ELISA experiments have shown the TNF specificity of the B5 mAb and demon- 
strated binding to an epitope on TNFa different from that recognized by the neu- 
tralizing mouse mAb A10G 10. We next examined whether the epitope recognized by 
A10G10 was expressed on the surface of cells to which B5 binds. Table 2 presents 
data from five experiments addressing this issue using the U937 and THP-1 cell lines. 
In all five experiments the B5 mAb bound to each cell line. On the other hand, A10G10 



TABLE 1 

Binding of the TNFa-Specific B5 H uman IgM mAb to Various Cell Lines 

% Fluorescent cells 



Expt Cell line 



Species 



Cell type 



Primary antibody: None B5 6F1 1 



1 8B9-EBV 


Human 


B lymphoblast 


1A2-EBV 


Human 


B lymphoblast 


hpbl-EBV 


Human 


B lymphoblast 


cpbl-EBV 


Chimpanzee 


B lymphoblast 


Tonsil-EBV 


Human 


B lymphoblast 


Jurkat 


Human 


T lymphoma 


LBRM33 


Mouse 


T lymphoma 


P3X63 Ag ,. 6J j 


Mouse 


Myeloma 


DU4475 


Human 


Breast carcinoma 


SW1088 


Human 


Astrocytoma 


U118MG 


Human 


Glioblastoma 


U373 


Human 


Glioblastoma/ 






Astrocytoma 


2 U937 


Human 


Histiocytic lymphoma 


THP-I 


Human 


Monocyte 


1A2-EBV 


Human 


B lymphoblast 


8B9-EBV 


Human 


B lymphoblast 


A375 


Human 


Melanoma 


3 HL-60 


Human 


Promyelocyte 


J774A.I 


Mouse 


Monocyte/m<£ 



I. 1 

2.3 
2.0 
6.6 
4.6 
0.7 
3.1 
6.8 
10.2 

II. 2 
6.2 
4.9 

0.9 
1.7 
2.2 
4.7 
1.7 

8.0 
5.4 



86.9 
64.7 
96.2 
76.1 
91.2 
17.9 
72.7 
78.4 
52.4 
15.3 
7.3 
69.6 

63.1 

25.2 
98.4 
98.8 
8.5 

41.2 

82.0 



4.7 
2.7 
2.3 
6.2 
4.9 
1.2 
3.8 
5.6 
9.8 
10.9 
6.2 
3.5 

1.5 
2.0 
2.9 
5.4 

2.5 

6.6 
4.8 



Note Cells were incubated with the indicated primary antibodies and fluorescein-labeled anti-human IgM 
(/i-specific) secondary antibody. The percentages of cells exhibiting fluorescence as determined on a FACSCAN 
are shown. 
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TABLE 2 

Binding of Human B5 and Lack of Binding of Mouse A 10G 10 Anti-TNFa mAbs to Cell Surface TNF 
on Unstimulated Monocyte and Histiocyte Cell Lines 



% Fluorescent cells 



Expt 


Cell 
line 


Primary antibody: None 


AI0G10 


mlgG, 


None 


B5 


6FII 


1 


U937 


0.3 


0.4 


nd 


2.9 


15.1 


2.7 


2 


THP-1 


0.9 


2.6 


nd 


2.3 


24.8 


2.8 




U937 


0.8 


2.4 


nd 


2,7 


99.1 


2.8 


3 


THP-I 


3.1 


2.7 


nd 


2.7 


34.7 


3.4 




U937 


1.6 


1.9 


nd 


1.6 


35.7 


1.8 


4 


THP-I 


2.4 


3.1 


1.6 


1.7 


17.7 


3.4 




U937 


2.8 


2.9 


2.8 


2.2 


20.2 


2.7 


5 


THP-l 


4.7 


6.0* 


6.7 


4.6 


56.3 


nd 




U937 


1.5 


9.9* 


2.3 


1.2 


61.4 


nd 



Note. Cells were incubated with the indicated primary antibodies and fluorescein-labeled anti-mouse IgG 
(7-specific) or anti-human IgM (/i-specific) secondary antibodies. Asterisks (*) indicate that F(ab') 2 fragments 
o( A10G10 mAb were used. The percentages of cells exhibiting fluorescence as determined on a FACSCAN 
are shown. Not determined is signified by nd. 



did not bind to a significant degree in four of the experiments. In one experiment, a 
small amount of binding by A10G10 to the U937 cells was observed. Taken together, 
these data suggest that epitopes of TNFa recognized by B5 are constituti vely expressed 
on the surface of these cell lines, but the epitopes recognized by A10G10 are only 
rarely expressed. 

LPS Induction of Cell Surface TNFa Expression 

We next incubated THP-I and U937 cells with LPS to examine whether or not 
expression of different csTNFa epitopes can be increased. Table 3 shows the results 
of three experiments. In all three, LPS increased the amount of B5 binding to THP- 
1 cells. This was true also for U937 cells in two of the three experiments. Interestingly, 
LPS stimulation resulted in cell surface binding of the A10G10 mAb for both the 
THP-1 and the U937 lines. The range of the increased number of cells binding A 10G 10 
after LPS stimulation was between about 5 and 14%, depending on the experiment. 
The corresponding increases observed with B5 binding ranged from about 8 to about 
1 1%. These data suggest that csTNFa can be increased by incubation with LPS and 
that this increase correlates with the acquisition of TNFa epitopes recognized by neu- 
tralizing antibodies. 

Specificity of B5 mAb Binding to csTNFa 

Table 4 presents data which confirm the specificity of B5 mAb binding to the THP- 
I cells. Preincubation of the IgM mAb with TNFa was found to inhibit subsequent 
cell surface binding in a dose-dependent manner. Except for a small effect at the 
highest concentration, lymphotoxin (TNF/3) did not inhibit B5 binding. The lack of 
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TABLE 3 

Analysis of Cell Surface Expression of TNFa after Induction with Lipopolysaccharide 



% Fluorescent cells 





Cell 














6FII 


Expt 


line 


LPS 


Primary antibody: None 


A10G10 


mlgG, 


None 


B5 


1 


THP-1 




3.1 


2.7 


nd 


2.7 


34.7 


3.4 




+ 


6.9 


16.5 


nd 


3.7 


43.8 


3.6 




U937 




1.6 


1.9 


nd 


1.6 


35.7 


1.8 




+ 


3.9 


12.7 


nd 


1.9 


43.5 


2.6 


2 


THP-1 




2.4 


3.1 


1.6 


1.7 


17.7 


3.4 




+ 


3.1 


8.3 


2.2 


3.0 


29.6 


3.2 




U937 




2.8 


2.9 


2.8 


2.2 


20.2 


2.7 




+ 


3.6 


11.8 


2.4 


2.4 


28.4 


3.2 


3 , 


THP-I 




4.7 


6.0* 


6.7 


4.6 


56.3 


nd 




+ 


8.1 


4.9* 


5.4 


5.0 


65.9 


nd 




U937 




1.5 


9.9* 


2.3 


1.2 


61.4 


nd 




+ 


1.0 


13.1* 


3.7 


0.7 


49.3 


nd 



Note. Stimulation was performed by 3- or 4-hr incubation with 10 Mg/ml LPS. Cells were incubated with 
the indicated primary antibodies and fluorescein labeled anti-mouse IgG (7-specific) or anti-human IgM 
(p-specinc) secondary antibodies. Asterisks (*) indicate that F(ab') 2 fragments of A10G10 mAb were used. 
The percentages of cells exhibiting fluorescence as determined on a FACSCAN are shown. Not determined 
is signified by nd. 



complete inhibition with high doses of TNFa is consistent with the previously doc- 
umented low affinity of the B5 mAb for soluble TNFa. Interestingly, A 10G 10 had no 
effect on the binding of B5 mAb to THP- 1 cells. These data suggest that the neutralizing 
mAb A10G10 does not compete for the same epitope on TNFa to which B5 mAb 
binds. Furthermore, inhibition of B5 binding by TNFa indicates the specificity of the 
binding. 

B5 Binds to csTNFa on Fresh Human Spleen Cells 

The previous sections establish B5 binding to csTNFa on several different cell lines. 
To determine whether B5 binds to untransformed cells, experiments were performed 
with human splenocytes. 

To analyze B cell expression of csTNFa by B5, we used unconjugated B5 IgM since 
direct fluoresceination or biotinylation of this antibody was very inefficient or interfered 
with its TNFa binding ability. Fluorescent F(ab') 2 fragments of anti-human IgM an- 
tibody were used to detect B5 binding. Since many normal B cells already express 
slgM as an antigen receptor, it was not always possible to detect csTNFa as an increase 
in the percentage of sIgM+ cells. We could, however, detect csTNFa by measuring 
the increase in staining intensity with the fluorescent anti-IgM when cells were incu- 
bated with the B5 mAb compared to incubation with either control 6F1 1 IgM mAb 
or no antibody at all. Figure 3 demonstrates the shift in fluorescence intensity seen 
when the B5 mAb was incubated with B cells. Figure 3C shows the fluorescence his- 
togram of cells incubated with anti-IgM antibody alone. Figure 3B shows a histogram 
of the same cells when first reacted with B5 mAb and subsequently incubated with 
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TABLE 4 

TNFa Inhibition of B5 Anti-TNFa mAb Binding to THP-1 Cell Surface 



Inhibitor 




% Fluorescent cells 






fig/ml Inhibitor 0.0 


0.03 


0.30 


3.0 


30.0 


TNFa 


44.1 


43.2. 


35.9 


22.2 


15.8 


LT 


44.1 


39.8 


40.0 


40.0 


29.7 


AI0G10 


44.1 


39.6 


40.9 


44.4 


41.9 



Note. B5 mAb at 10 jig/ml was incubated with the indicated concentrations of inhibitors prior to exposure 
to LPS-stimulated THP-1 cells. Binding of B5 was detected with fluorescein-conjugated F(ab') 2 anti-human 
IgM antibody. LT is recombinant human lymphotoxin, and A10G10 is the neutralizing mouse IgG, anti- 
TNFa mAb. Analyses were performed with a FACSCAN. 



fluorescent anti-IgM antibody. The most useful parameter to measure this shift is the 
median channel of fluorescence intensity, or simply median channel. 

Table 5 presents the data from three experiments using splenic biopsy material. In 
Experiments 1 and 2, the expression of csTNFa on monocytes, T cells, and B cells 
was examined by two-color immunofluorescence analysis using PE-conjugated anti- 
CD 14,. anti-CD3, and anti-CD 19, respectively, in conjunction with FL-conjugated 
anti-human IgM. In Experiment 3, antibodies coupled to propidium iodide labelled 
beads were used in conjunction with FL-conjugated anti-CD3, anti-CD 19, and anti- 
CD 14 mAbs. This removed any ambiguity arising from the use of FL-anti-IgM as a 
secondary reagent. 

Although monocytes constituted less than 5% of the total splenocyte populations 
in all experiments, the anti-TNFa B5 mAb bound to a significant fraction. On the 
other hand, monocyles did not bind the control 6FI 1 human IgM mAb. These results 
suggest that some splenic monocytes express csTNFa. 

CD3+ T cells showed variable expression of csTNFa. While the percentages of 
csTNFa-positive T cells varied in these experiments, the fluorescence intensity observed 
with the B5 mAb was much weaker than that seen for B cells and monocytes. The 
median fluorescence intensity for T cell csTNFa was less than twice that seen for the 
background controls. These results suggest that a variable proportion of splenic T cells 
express small amounts of csTNFa. 

In contrast, analysis of B cells indicated high-level expression of csTNFa. Further- 
more, the neutralizing mouse anti-human TNFa mAb A6 bound to some B cells in 
Experiment 3. No binding was seen with the 6F1 1 control antibody, indicating the 
specificity of the B5 interaction with B cells. These data suggest that the B5 anti-TNFa 
mAb can react with splenic lymphocytes of the B and T lineages as well as being able 
to recognize and bind to splenic monocytes. 

B5 Binding to csTNFa on Cultured Human Spleen Cells 

Spleen cells from two of the individuals examined in Table 5 were cultivated in 
vitro with various stimuli and were then analyzed for B5 mAb binding. The results 
from both experiments were similar and the data from one, for clarity, are shown in 
Table 6. Cultivation of the cells resulted in loss of monocytes, therefore, data for 
CD 1 4+ cells are not presented. 
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unstained 

median channel 43 

1 

1.0% 
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B5+anti-lgM 




anti-IgM 



median channel 133 



10 100 1000 10000 



6F11+anti-lgM 



median channel 1 3 1 



ijr: 



10 



100 1000 10000 



Fluorescence Intensity (Arbitrary Units) 

Fig 3 Binding of B5 anti-TNFa IgM mAb to CDI9-positive splenic B cells. Splenocytes were incubated 
with phycoerythrin-conjugated anti-CD 1 9 and only positive cells were further analyzed for fluorescein- 
conjugated antibody binding. A shows C19+ splenocytes not incubated with FL-anti-lgM. B shows incubation 
of these cells with B5 + FL-anti-lgM, C shows incubation with FL-anti-hlgM alone, and D shows incubation 
with control 6F1 1 anti-LPS IgM + FL-anti-lgM. The percentages of cells within the indicated markers are 
given, indicating the percentage of cells reacting positively with the fluoresce n-conjugaled antibody. The 
median channel numbers for the positive populations are also given. These numbers reflect the fluorescence 
intensity, measured in arbitrary units, for the fluorescence-positive populations. 



Cultures containing the T cell activator PHA showed B5 binding to both T cells 
and B cells. Similarly, cultures containing the B cell activators anti-IgD-dextran + 
IL-2 showed B5 binding to both B cells and T cells. In these cultures, IL-2 may stimulate 
some preactivated T cells and account for the increased B5 binding to CD3+ cells 
compared to that seen for resting T cells in Table 5. Binding by the control mAb 6F1 1 
was not observed, suggesting that neither the B5 nor the 6F1 1 mAbs bound to IgM 
receptors expressed on activated T cells. These putative IgM receptors (24) are pre- 
sumably already occupied by IgM secreted into the medium. These data suggest that 
both activated human B cells and T cells express csTNFa epitopes recognized by the 
B5 mAb. 

B5 Binding to csTNFa on Peripheral Blood Lymphocytes 

Human peripheral blood lymphocytes from two individuals were examined and 
Table 7 shows the results. Significant fractions of T cells, B cells, and monocytes were 
bound by the B5 mAb in both experiments. The B cells exhibited more pronounced 
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TABLE 5 

Analysis of Cell Surface TNFor Expression on Fresh Human Splenocytes 

% Fluorescent cells 
(median fluorescence intensity channel) 



Expt 



Cells 
analyzed 



First Ab: 
Second Ab: 



None 
Anti-IgM 



B5 
Anti-IgM 



6FI1 
Anti-IgM 



Spleen 1 
CD3+ 
CD 1 4+ 

Spleen 2 
CD3+ 
CD 19+ 
CD 14+ 



3.4(41) 209(24) 3.6(53) 

4.4(71) 212(78) 4.7(104) 

5.9 (39) 808 (57) 4.0 (42) 

62.9(122) 98J_(2Q6) 63.8(121) 

8.2(194) 49L2 (172) 7.7 (184) 

Antibody coupled to beads 



No 
beads 



6FI1 



B5 



None 



A6 



A10GI0 



Spleen 3 
CD3+ 
CD 1 9+ 
CD 14+ 



03 
1.5 
l.l 



2.8 
5.2 
2.3 



4.6 
40.4 
31.3 



2.2 
2.7 
0.7 



4.5 
3.3 



1.9 
2.4 
0.7 



Note. Human splenocytes received I day after biopsy were analyzed for expression of cell surface binding 
with the indicated monoclonal antibodies. T cells, B cells, and monocytes were identified with PE- (Experiments 
1 and 2) or FL-conjugated (Experiment 3) anti-CD3, anti-CD 1 9, and anti-CD 14 (LeuM3) antibodies, re- 
spectively. Two-color analyses were then performed on these populations using FL-labeled F(ab') 2 anti- 
human IgM and the indicated IgM mAbs (Experiments 1 and 2) or propidium iodide-labeled latex beads 
(Experiment 3) coupled with the indicated mAbs. Underlined values represent those which show significant 
increases in the percentage of fluorescent cells or show greater than twice the fluorescence intensity of the 
appropriate control population. Analyses were performed with a FACSCAN. 

binding. Variable proportions of monocytes bound the mouse A6 and A 1 OG 1 0 mAbs. 
The results of similar experiments with peripheral blood from two chimpanzees yielded 
similar results. The B5 mAb bound to significant fractions of B cells, T cells, and 
monocytes from these animals (data not shown). These results suggest that only some 
normal human and chimpanzee peripheral blood monocytes and T lymphocytes ex- 
press csTNFa whereas a larger fraction of total peripheral B lymphocytes express this 
cell surface cytokine. 

DISCUSSION 

We have shown that the human B5 autoantibody binds to TNFa on a broad range 
of human cell lines and lymphoid cells. As there is no difference in the amino acid 
sequences of chimpanzee and human TNFa, B5 binding to chimpanzee cells is pre- 
dictable. More unusual, however, is the binding of B5 to csTNFa on mouse cell lines 
since few anti-TNF mAbs bind TNF from both species. B5 appears to be an exception 
since it binds to secreted mouse TNF ( 1 ) and to csTNFa, as demonstrated here. Others 
have certainly described TNF production by human B cells (9, 10) T cells (7), mono- 
cytes (26), B cell lines (9, 1 1), astrocytes (25-27), as well as some TNF-resistant cell 
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B5 mAb BINDS csTNFa 
TABLE 6 

Analysis of Cell Surface TNFa Expression by Cultured Human Splenic Lymphocytes 

% Fluorescent cells 



Antibody coupled to beads 



Activator 


Cells 


No 
beads 


6F1I 


B5 


None 


A6 


AI0GI0 


PHA 


CD3+ 


4.7 


4.2 


24.9 


6.0 


8.1 


6.3 




CD19+ 


2.4 


3.7 


38.0 


3.6 


5.7 


3.7 


anti-IgD-dextran 


CD3+ 


6.8 


5.4 


14.0 


6.0 


7.2 


5.7 


plus IL-2 


CDI9+ 


4.4 


5.2 


78.2 


4.4 


10.0 


5.8 



Note. Human splenic lymphocytes were cultured 2 days with the indicated activators. In both experiments 
two-color analyses were performed. Fluorescein-conjugated anti-CD3 and anti-CD 1 9 antibodies were used 
with propidium iodide-labeled latex beads (0. 1 nm diameter) coupled with the indicated antibodies. Analyses 
were performed with a FACSCAN. 



lines (14). We extend these findings to include at least one metastatic breast carcinoma, 
DU4475, a melanoma, A375, and the U373 astrocytoma/glioblastoma. Expression 
of csTNFa on human splenic lymphoid cells is also demonstrated. This is somewhat 
surprising since activated cells were previously employed by others to establish the 
presence of csTNFa. It is possible many of the cells we examined were partially activated 
or at a stage of differentiation where they could express this cell surface molecule. The 
smaller percentages of T lymphocytes and monocytes from human peripheral blood 
expressing csTNFa is consistent with the resting phenotype of these cells. In any case, 
the breadth of csTNFa expression suggests it has an important role on the surface of 
many cells. 



TABLE 7 

Analysis of Human Peripheral Blood Mononuclear Cell Surface Expression of TNF« 

% Fluorescent cells 



Antibody coupled to beads 



Expt 


Cells 


No 
beads 


6F11 


B5 


None 


A6 


A10G10 


1 


CD3+ 


0.7 


1.3 


20.6 


2.3 


3.4 


3.0 




CDI9+ 


1.1 


1.6 


95.9 


2.5 


7.1 


2.7 




CDI4+ 


0.9 


2.1 


46.6 


5.8 


30.6 


5.9 


2 


CD3+ 


nd* 


2.1 


15.4 


nd 


6.7 


3.7 




CD19+ 


nd 


2.0 


48.7 


nd 


8.5 


2.6 




CDI4+ 


nd 


1.7 


14.7 


nd 


6.8 


5.1 



Note. Peripheral blood mononuclear cells were prepared by separation on Ficoll and incubated with or 
FL-derivatized anti-CD3, CDI9, or CD14. Two-color analyses were performed with a FACSCAN using 
propidium iodide-labeled latex beads coupled with the indicated mAbs. Underlined values represent those 
which show significant increases in the percentage of fluorescent cells. 
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Others have shown that TNFa can exist as both an integral transmembrane protein 
and as a mature protein bound to its receptor on cell surfaces (23). Several observations 
suggest that the B5 mAb recognizes primarily the integral transmembrane protein. B5 
binding was increased when cells were activated with LPS or PMA. Both agents, but 
especially PMA, down-regulate TNF receptor expression on a variety of cell types (28, 
29). B5 binds to unstimulated cell lines whereas cell lines normally need to be induced 
to secrete TNF. Hence, unstimulated cell lines would be expected to display little 
receptor-bound TNF. We showed that B5 binding to cell surfaces was inhibited by 
preincubation with TNFa, but not with A10G10 anti-TNFa mAb. These data dem- 
onstrate the specificity of the B5 antibody and are most consistent with binding to the 
integral transmembrane protein. 

TNF/3 binds to the same receptors as TNFa and might thereby dissociate some 
receptor-bound TNFa on cell surfaces. Since high doses of TNF/3 were found to de- 
crease binding of B5 to THP-1 cells (Table 4), the mAb may also recognize receptor- 
bound TNF. 

One interesting aspect of these studies is that the human mAb B5 generally binds 
better to csTNF than the high-affinity neutralizing murine mAb A10G10. It is clear 
that the two antibodies recognize nonoverlapping epitopes (1). Western blotting ex- 
periments also suggest that A10G10 does not bind to TNFa monomers and probably 
recognizes a conformational epitope (data not shown). In contrast, B5 binds to mono- 
melic and denatured forms of TNFa and likely recognizes a linear epitope. Since 
A10G10 neutralizes TNFa cytotoxicity (30) and prevents TNFa interaction with re- 
ceptor, the antibody probably binds to TNFa near the receptor binding domain. Others 
have shown that mAbs which bind the amino-terminal domain of TNFa block cy- 
totoxicity (31). Therefore, it is reasonable to postulate that A10G10 binds to amino 
acid residues near the amino terminus of 17-kDa TNFa, which are most membrane 
proximal in the transmembrane form of the cytokine. The epitope for A10G10 may 
thus be less accessible to antibody in csTNF than that recognized by B5. The A6 mAb, 
however, does occasionally bind to cells. This mAb does bind to denatured TNF in 
Western blots (data not shown) and has an epitope specificity distinct from that of 
AI0G10(1, 32). 

It is interesting to note that LPS stimulation increased A10G10 binding to cells. 
Such stimulation is known to elicit secretion of mature trimeric TNFa, which may 
then bind to available TNF receptors. Since the trimer is multivalent, TNFa may 
bind to some receptors in a conformation which maintains either or both of the re- 
maining receptor binding domains accessible to antibody. This form of receptor-bound 
TNFa may be the cell surface form of the cytokine recognized by A10G10 in LPS- 
stimulated cells. In support of this proposal, others have shown that incubation of 
nonactivated paraformaldehyde-fixed human monocytes with TNFa results in cytokine 
binding to receptors in a biologically active (i.e., cytotoxic) form. The cytotoxic activity 
of such fixed cells is inhibited by neutralizing anti-TNFa antibodies (33). 

One model which is consistent with the data presented assumes that transmembrane 
csTNF exists as a monomer, which upon cell activation is polymerized to a trimer. 
Trimerization of csTNFa with a corresponding conformational change is then proposed 
to allow a proteolytic cleavage and release of mature biologically active TNFa trimer. 
B5 is considered to bind to a membrane distal domain of the csTNFa monomer. This 
monomer most likely has a conformation different from that of the trimer and so 
may expose some epitopes distinct from those displayed by the trimer. This model is 
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consistent with the greater binding of B5 to csTNFa. The model and data predict that 
more cells express cell surface TNF monomers than trimers, or that more monomer 
is expressed on the surface per cell than the trimer. 
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Dear Editors, 

As recently described (Bendtzen et al., 1989, 
1990; Fomsgaard et al., 1989) autoantibodies to 
TNFa may be detected by Western blot analysis 
in the sera of patients with Gram-negative sep- 
ticemia, rheumatoid arthritis and in some healthy 
individuals. The specificity of the autoantibodies 
may be established by absorption of the sera with 
recombinant TNFa prior to the assay. Using a 
TNFa cytotoxicity bioassay (cell line L929) 
Seckinger et al. (1989) detected TNFa inhibitory 
factors in urine and Foley et al. (1990) found 
similar activity in sera of patients with sarcoidosis, 
tuberculosis and Crohn's disease. The specificity 
of the TNFa inhibitor in urine samples was shown 
by neutralizing the inhibitory activity with increas- 
ing amounts of human recombinant TNFa. In 
contrast to the findings with human urine Foley et 
al. (1990) found that there was no correlation 
between the inhibitory effect of the sera in the 
L929 bioassay and the ability of the sera to com- 
pete with the binding of an enzyme-conjugated 
TNFa monoclonal antibody to immobilized TNFa 
in an ELISA system. Therefore, these results con- 
tradict the findings of Fomsgaard and the ex- 
istence of specific autoantibodies binding directly 
to TNFa remains, at the very least, controversial. 



Correspondence to: H.G. Leusch, Institute of Medical Im- 
munology, Medical Faculty, Pauwelsstrasse 30, 5100 Aachen, 

F.R.G. 



Proceeding on the assumption that autoanti- 
bodies to cytokines such as TNFa may have a 
regulatory effect in the inflammatory cascade we 
have sought evidence for specific antibodies to 
TNFa in several immunoglobulin preparations. In 
addition, we analysed different human sera col- 
lected from patients with septicemia (n = 11), with 
chronic autoimmune disorders (n = 10) and from 
renal tumor patients (n » 4) undergoing treatment 
with rIFNa and rTNFa. ELISA and Western blot 
assays were used for these investigations. To test 
for ELISA reactivity microtiter plates (Nunc, im- 
munoplates) were coated with 100 /il of mono- 
clonal mouse anti-human rTNFa (clone 199, 1 : 20, 
Boehringer, Mannheim, F.R.G.) overnight at room 
temperature in 50 mM carbonate buffer pH 9.6 
followed by blocking the wells with 1% BSA in the 
same buffer for 1 h at room temperature. Binding 
of the human TNFa (10 ng/ml) (Knoll, Mann- 
heim, F.R.G.) in incubation buffer (50 mM Hepes, 
150 mM NaCl, 200 mM sodium potassium tartrate, 
1% BSA, 0.5% Synperonic F68, 0.75% PEG 40,000, 
0.01% phenol, pH 7.0) was performed at 4°C for 
18 h. After washing the plates three times with 
PBS-Tween (0.1%) 100 id of patients' sera, or the 
corresponding protein G isolated IgG fractions, or 
100 /xl of immunoglobulin preparation (final con- 
centration of 4 mg IgG/ml) were added and in- 
cubated overnight at 4°C. Afterwards, wells were 
washed again, filled with 100 /xl of a rabbit anti- 
human IgG-alkaline phosphatase conjugate 
(Sigma, Deisenhofen, F.R.G.) (1/2000 in incuba- 
tion buffer) and incubated at room temperature 
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for 2 h. Color was developed with 100 jil o- 
nitrophenyl-phosphate in substrate buffer (Behr- 
ing, Marburg, F.R.G.). The reaction was stopped 
with 100 jil 1 M NaOH and absorbance measured 
at 405/492 nm. The results were evaluated by 
comparing the absorbance values of the patients' 
sera with the negative control lacking rTNFa. 
Binding of rTNFa to the immobilized mouse anti- 
TNFa was tested using a rabbit polyclonal anti- 
rTNFa (Genezyme, Boston, U.S.A.). Binding was 
detected using a goat anti-rabbit alkaline-phos- 
phatase conjugated antibody (Sigma, Deisenhofen, 
F.R.G.) at a dilution of 1/2000 in incubation 
buffer. In addition, we measured the TNFa con- 
centration with a monoclonal TNFa-ELISA pro- 
cedure (anti-TNFa MAK clone 199 and anti- 
TNFa clone 195-horseradish peroxidase-conju- 
gated) (Boehringer Mannheim, F.R.G.), but using 
the described incubation buffer instead of that 
recommended by the manufacturer. 

Only three patients showed a measurable TNFa 
concentration, two with septicemia (47 pg/ml and 
720 pg/ml respectively) and one with a chronic 
autoimmune disorder (68 pg/ml). 

To rule out the possibility that anti-TNFa anti- 
bodies might be complexed in vivo with TNFa, a 
Clq binding assay with immobilized Clq was 
performed according to the manufacturer's in- 
structions (Bios, Munich, F.R.G.) using a poly- 
clonal rabbit anti-TNFa antibody (1/500 in dilu- 
tion buffer). As second antibody, the anti-rabbit 
lgG-alkaline phosphatase conjugate (1/1000) was 
used in dilution buffer. 

Anti-TNFa antibodies were neither found in 
patients' sera nor in the immunoglobulin prepara- 
tions using the ELISA procedure. Furthermore, 
the TNF/anti-TNFa immunocomplex assay 
showed no differences between the sera of patients 
and the negative controls. 

In order to confirm the results obtained by 
ELISA, Western blot assays were performed with 
the human recombinant TNFa stabilized by hu- 
man serum albumin. TNFa was boiled for 5 min 
in sample buffer with mercaptoethanol and SDS 
(Laemnili, 1970) (1600 U rTNFa in 20 /xl sample 
buffer per lane) before application to SDS-PAGE 
(Laemnili, 1970). Proteins were transferred by 
semi-dry electroblotting to nitrocellulose (0.2 fim) 
(Schleicher & Schiill, Dassel, F.R.G.) in 
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Fig. 1. Reaction of Venimmun and the sera of two patients 
with human rTNF and stabilization proteins in a Western blot 
blocked with Tween 20. Lane 1: standard proteins; lane 2: 
human rTNFa, both lanes stained with AuroDye; lane 3: 
Venimmun; lanes 4 and 5: sera of two patients; lane 6: 
polyclonal rabbit anti-human rTNFa (positive control) used in 
a parallel Western blot. 



Tris/glycine/SDS/methanol buffer (48 mM Tris, 
39 mM glycine, 0.0375% SDS, 20% methanol) for 
1 h at 0.8 mA/cm 2 . Blotted molecular weight 
markers (Pharmacia, Freiburg, F.R.G.) and the 
TNFa sample were stained using Auro Dye (Jans- 
sen, Beerse, Belgium). rTNFa was identified in 
monomeric form at the 17 kDa position (Fig. 1). 
Blocking and immunodetection were performed 
according to Fomsgaard et al. (1989) using Tween 
20-Block. Patients* sera (diluted 1/5), the corre- 
sponding IgG fractions and the immunoglobulin 
preparations were applied at a concentration of 4 
mg IgG/ml in blotting buffer (Fomsgaard et ah, 
1989) and incubated at room temperature over- 
night. The polyclonal rabbit anti-human rTNFa 
antibody was used as a positive control. The de- 
tector antibody, an HRPO-conjugated anti-human 
IgG and IgM antibody (Dianova, Hamburg, 
F.R.G.), was used at a dilution of 1/500 in in- 
cubation buffer. For the rabbit antibody an 
HRPO-conjugated anti-rabbit IgG antibody (Bio- 
Rad, Munich, F.R.G.) was used at a dilution of 
1/500 in incubation buffer. After incubation at 
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Fig. 2. Non-specific reaction of Venimmun with standard 
proteins in Western blot blocked with Tween 20. Lane 1: 
standard proteins, AuroDye protein stain; lane 2: Venimmun 
used as parallel Western blot. 



room temperature for 2 h color was developed as 
described by Young et al (1989). Bands were 
observed in the position of rTNFa (17 kDa) with 
ali of the IgG fractions of patients' sera and the 
immunoglobulin preparations. Some of the diluted 
sera produced a band at 17 kDa together with a 
band at 68 kDa showing the position of the sta- 
bilization protein (Fig. 1). To confirm these re- 
sults, we also used the non-fat dry milk block 
method according to the manufacturers instruc- 
tions (Biozyme, Hameln, F.R.G.) because non- 
specific binding of immunoglobulins to protein on 
nitrocellulose when using detergent blocking (as 
done by Fomsgaard et al., 1989) has been docu- 
mented (Batteiger et al., 1989). After blocking 
with non-fat dry milk no bands at 17 kDa or at 
the position of the stabilization proteins (68 kDa) 
were observed in the Western blot assay when 
analysing patients' sera or the immunoglobulin 
preparations, although a positive reaction was seen 
with the polyclonal anti-human rTNFa-immune 
serum in the 17 kDa position. 

To demonstrate non-specific binding when 
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using the Tween 20 detergent block, we tested the 
reaction of the patients sera and immunoglobulin 
preparations with the blotted standard proteins. 
In fact, under these experimental conditions all of 
the standard proteins showed non-specific binding 
with human IgG or IgM (Fig. 2). 

In conclusion, using two immunochemical 
methods we failed to establish the presence of 
specific antibodies to TNFa in sera of human 
origin. Using the Western blot method described 
by Fomsgaard's group we found non-specific 
binding with the stabilization proteins and even 
with standard proteins. We cannot exclude the 
possibility that the binding of specific TNFa anti- 
bodies may be masked by the non-specific binding 
of immunoglobulins when using the Tween 20 
block because Fomsgaard et al. (1989) were able 
to eliminate the reaction by absorption with solu- 
ble TNFa. Nevertheless, caution should be ex- 
ercised when interpreting Western blot results after 
blocking with Tween 20. Furthermore, it will be 
necessary to consider which techniques should be 
used to assay naturally occurring specific anti- 
TNFa autoantibodies other than the inhibition of 
TNFa in biological systems. 
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Human germ-line V x segments 827 

A directory of human germ-line Y x segments 
reveals a strong bias in their usage 

From the genomic DNA of a single individual, we have amplified, cloned and 
sequenced 37 human germ-line V x segments. Four of these segments were new. We 
then compiled a comprehensive directory of all germ-line V x segments and 
identified 50 different sequences with open reading frames. Comparison with 236 
rearranged sequences revealed that no more than 24 of these germ-line sequences 
could be assigned rearranged counterparts, that some of these were rarely used, 
and that only about 11 sequences are used frequently. This suggests that the 
expressed V x repertoire is mainly derived from a limited number of segments. 
Most surprisingly, the J x -distal region of the locus appears to be rarely used: we 
could unambiguously assign 162 rearranged sequences to V x segments of the 
J x -proximal region, but only 5 to segments of the J x -distal region. 
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1 Introduction 

Recently antibodies of predefined binding specificity have 
been derived from repertoires of associated heavy and light 
chain variable (V) domains displayed on the surface of 
filamentous phage ([1]; for review see [2]). The process 
mimics production of antibodies by the immune system and 
bypasses hybridoma technology and immunization [3, 4]. 
Diverse repertoires of V domains have been provided by 
PCR amplification [5] of heavy and light chain V genes [6] 
from populations of lymphocytes. Alternatively the reper- 
toires have been provided by in vitro rearrangement of 
cloned V segments [7]. To provide a bank of cloned Vgene 
segments, we have amplified and sequenced V H and Vx 
segments from genomic DNA, leading to the isolation of 
almost all the functional human V H segments [8] and many 
of the human \^ segments [9]. Here we have attempted to 
gather a large selection of human germ-line V x segments 
using the same strategy. After submission of this report, a 
number of new V x segments were sequenced and mapped 
[10, 11]. For completeness we have included this informa- 
tion in our revised paper. 

The human immunoglobulin light chain kappa (x) locus is 
located on the short arm of chromosome 2 (2pll-12) [12, 
13] and consists of a C x gene, 5 J x segments and at least 76 
mapped germ-line V x segments [11, 14]. The V x segments 
may be divided by sequence homology [15] into three main 
subgroups, Mil, and several smaller subgroups (IV, V, VI 
and VII) [11, 16-18]. The portion of the locus harboring the 
majority of V x segments is thought to have arisen from a 
duplication event [19, 20]: 36 segments are located in the 
J x -distal region and 40 in the J x -proximal region [11, 14, 21, 
22]. Segments are clustered in four distinct regions, A, B, L 

[1 12076] 
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and O (Fig. 1) [18]. The A, L and O clusters are found 
within both the J x -distal and the J x -proximal regions, the B 
cluster only within the J x -proximal region. 

Of the 76 mapped V x segments within the major locus, 57 
have published sequences. Of these 57 segments, 48 have 
alleles with open reading frames (these correspond to 50 
different sequences due to there being some segments from 
the J x -proximal and J x -distal regions which are identical and 
other segments which have multiple alleles) and 9 have 
frame shifts, stop codons or incomplete exons and are, 
therefore, regarded as pseudogenes. Most of the remaining 
19 segments are also known to be pseudogenes [10, 16, 17, 
19, 20, 23-36] (Fig. 1). There are also a number of orphon 
V x segments which have been mapped outside the major x 
locus: Wl-Wll [37, 38],V108 [39], Chr22-1 to Chr22-5 [40, 
41], Chrl [41], cos 118 [41] and Z1-Z4 [42, 43]. There are 
two further segments with open reading frames that have 
not been mapped (LFVK5 and LFVK431; L. Foroni, 
personal communication). 

To clone the functional V x segments, we assembled a 
database of published germ-line sequences and then 
designed PCR primers to amplify each of the different 
subgroups. A germ-line V x segment consists (5' to 3') of a 
leader sequence (L), a leader intron, a continuation of the 
leader sequence (L') and the V x exon (Fig. 2). Within the 
exon there are three framework regions (FR) and three 
complementarity-determining regions (CDR). Adjoining 
the 3' end of the exon is a highly conserved heptamer 
recombination signaLand a less conserved nonamer region, 
the two separated by 11-14 nucleotides. Foward PCR 
primers were based in the heptamer region and back 
primers on the overlap between the leader intron and L' 
region (Fig. 2 and Table 1). Using these primers we ampli- 
fied, cloned and sequenced germ-line V x segments from the 
genomic DNA extracted from the peripheral white blood 
cells of a single donor (DP). 



2 Materials and methods 
2.1 Primer design 

Forward and back primers were designed for the V H I , 1 1 , 1 1 1 , 
IV and VI subgroups from alignments of published germ- 
line sequences. For the V H 1 subgroup, three cluster-specific 
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F/gwrc /. Schematic representation of the human immunoglobulin x locus (after [11, 21]). Germ-line V x segments with open reading 
frames are represented by circles. The segments A4, A5, A18, A22, A28, L3, L7, L17 and L21 have frame shifts, stop codons or 
incomplete V x exons and are, therefore, regarded as pseudogenes (squares). The remaining 19 segments have either not been sequenced 
(triangle) or are known to be pseudogenes (squares). The segments L4 and L16 have a number of alleles, some with open reading frames 
and others with stop codons. Where a segment has been seen rearranged in vivo, the circle has been filled (black or shaded). If the 
rearranged sequences could not be unambigously assigned to segments of the J x -proximal or J x -distal regions, the corresponding segments 
from both regions have been shaded. Sequences from this study have been attributed their DPK codes (see text). 
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Table 1. Primers used for PCR amplification of the V K exon 



Primer 



Sequence (5* to 3') 



V** VK1 (FA) GCT CTA GAC GGG CTT GTA TCA CAG TG 

VKl(FL) GCT CTA GAG TT(CT) (AG)GG T(GT)(GT) GTA ACA CT 

VKl(FO) GCT CTA GAA TG(AC) CTT GT(TA) ACA CTG TG 

VKl(BAl) CCC CCA AGC TTT GTT CCT AAT ATC AGA TA 

VK1 (BLO) CCC CCA AGC TTA ATC (TG)CA GGT (GT)CC AGA TG 

V^I vk2(falx) GAG GTT TTC TAG A(TG)G (GA)(GT)(CT) TGT A(GC)C ACT GTG 

vk2(fa2x) GAG GTT TTC TAG AAG (GA)(GT)(CT) TGT A(GC)C ACT GTG 

VK2(BOA) CCC CCA AGC TTfTA) A(TC)T TCA GGA TCC AGT G 

VJII VK3(F1) GGA ATT CT(CT) A(TA)G (CT)TG AAT CAC TGT G 

VK3(LA) CCC CCA AGC TTT CCA AT(TO T(CT)(AG) GAT ACC AC 



VfJV VK4HEPT GCT CTA CAC GAG GCT GAA GCA CTG TG 

VK4 LEA CCC CCA AGC TTA CTA CAG GTG CCT ACG GG 



V K VI VK6HEPT1 GCT CTA GAG GGT TGT A(GA)C ACA GTG TG 
VK6 LEA CCC CCA AGC TTT TTT CAG CCT CCA GGG GT 
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forward primers were designed, VKl(FA), VKl(FL), and 65°C for 5 min). Sequencing was performed using 

VKl(FO) corresponding to the A, L and O clusters, M13-specific primer, Taq polymerase and fluorescent 

respectively. IWo cluster-specific back primers, VKl(BAl) dideoxy chain terminators [45]. The sequences were ana- 

and VK(BLO), corresponding to the A cluster and the lyzed on an Applied Biosystems 373A Automated DNA 

combined B and L clusters were also used. Hindlll Sequencer (Foster City, CA). 
restriction sites were incorporated into the 5' end of all back 
primers. All forward primers had Xbal restriction sites at 
the 5' end, except VK3(F1) which had an EcoRl site and 

the V X II primers, where the Xbal site was introduced into 3 Results 
the middle of the primer to replace a particularly degener- 

ate section. The primers were used in pairs as indicated in Amplification using the subgroup-specific primers with 

p ig 2 suitable adjustment of the annealing temperature gave 

single PCR bands of varying intensities. Primer pairs were 
found to be specific for their respective subgroups. We 

2.2 PCR amplification and sequencing sequenced 142 clones (62 V X I, 60 V H H, 14 V X III, 1 V x IVand 5 

V X VI). From these, 37 V x sequences were identified. 

PCR amplification was performed according to [8] with the Excluding those identical to mapped orphon segments (see 

following modifications. Products from the PCR amplifica- below) 27 segments had open reading frames (DPK1- 

tions and restriction enzyme digests were purified using DPK27): 24 were identical to published sequences and 3 

Magic™ PCR Preps (Promega, Madison,WI). Inserts from segments, DPK2, DPK14 and DPK23, were new. DPK2 was 

plaques picked from a TYE [44] plate were amplified with most similar to L1/HK137 (14 nucleotide changes), DPK14 

an M13mpl9-specific primer pair using the PCR (25 cycles, to the pseudogene A5 (insertion of one nucleotide and 3 

each cycle consisting of 1 minat94°Q 1 min at 55 °C, 30 s at changes), and DPK23 to LlO/Vh (8 nucleotide changes). 

72 °C; at the end of 25 cycles there was a final extension at The remaining segments are identical to the pseudogenes 

Table 2. Assignment of rearranged V K sequences to their closest germline counterparts 

Gennline sequence No. of rearranged sequences 3 Closest rearranged sequence A(N, P) b 



06/O18/DPK1 


21 


(0,0) 


A30 


3 


(5,2) 


L1/HK137 


1 


(15,8) 


A20/DPK4 


9 


(0,0) 


LS/Ll^A^b/Vb'/V^/DPKS 


4 


(3,0) 


L8/Vd/DPK8 


10 


(1,0) 


L9/Ve 


3 


(0,0) 


U2VHK102/V1 


1 


(37, 17) 


L12 2 


12 


(5,1) 


012VV3b 


1 


(2,1) 


02/012 2 /DPK9 


30 


(0,0) 


04/014/LFVK19H/DPK1 1 


1 


(11,6) 




% 




A2/DPK12 


1 


(9,8) 


A3/A19/DPK15 


11 


(0,0) 


A17/DPK18 


11 


(1,0) 


A1/DPK19 


1 


(0,0) 




24 




All/humkv305/DPK20 


1 


(3,2) 


L16/humkv328/humkv328h2 


2 


(3,3) 


L2/humkv328h5/DPK2l 


20 


(1,0) 


A27/humkv325/VK RF/DPK22 


48 


(0,0) 


L6/Vg 


19 


(0,0) 




90 




B3/VUV/DPK24 


22 


(1, 1) 


B2/EV15 


2 


(0,0) 


A10/A26/DPK26 


2 


(3, 1) 



a) Number of rearranged sequences assigned to their closest germline counterpart. 

b) A(N, P) denotes the number of nucleotide (N) and amino acid residue changes (P). 
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7 


FO 


09/018 [33] /DPK1 


1 1 1 
D ICMTQSP SSLSAS\AD RVTTTC 


t 


YLN 


WYQQKPGKAPKLLIY 


DASNLET 


I I I 


1 

QQYDNLP 




7 




U4[10]/DPK2 


NIQMIQSPSAKSASVGDRVTrrc 


RARQGISN 


yia 


WFOQKPGKVPKHLIY 


AASSLQS 


wPSKrSCSu5GTEr TLTISSL/QFtAJrAlTTiC 


T/VIklCVO 




7 




1101 /HK101 1 31 J /HK1 46/HK18 9 ( 19 ] 


DIQMIQSPSSLSASVGDRViTIC 


RARQGISS 


WLA 


WYQQKPBKAPKSLIY 


AASSLQS 


GVPSRFSGSGSGTDFTLTI SSLQPEDFATYYC 


QQlNSxF 




7 




Ul/Vf (331/DPK3 


MCMIQSPSSI^ASVGDRVTTTC 


RASQGIRN 


DLG 


WYQQKPGKAPKLLIY 


AASSLQS 


GVPSRFSGSGSGTDFTLTI SSLQPEDFATYYC 


LQDYNYP 




7 


RZ 


AM [10] 


DicwTQSPssLSASvtajwnrc 


RASQGIRN 


DIG 


WYQQKPGKAPKRLIY 


AASSLQS 


GVPSRFSGSGSGTEFTLTTSSLQPEDFATYYC 


LQHNSYP 




7 




LEVKSt*) 


DKJMDQSPSSLSASVCPRVTnC 


RASQGISN 


NLN 


WYQQKPGKTPKLLIY 


AAPSLQS 


GIPSRFSDSGSGADYTLTIRS LQPEDFATYYC 


QQSDSTP 




7 




LEVK431 1 *J 


D ICf^TQSP SSLSASV^DRVTITC 


RASQGISN 


YLA 


WFQQKPGKAPKSLIY 


AASSLQS 


GVPSKFSGSGSGTDFTLTISS LQPEDFATYYC 


QQYNSYP 




7 


FB 


Id (10) /HK137{19) 


DICMTOSPSS^SASVODRVrnC 


RASQGISN 


YLA 


WFQQKPGKAPKSLIY 


AASSLQS 


GVPSRPSGSGSGTDFTLTISSLQPEDFATYYC 


QQYNSYP 




7 


FO 


A20[17)/DPK4 


DI(9fly5rS5IjSw5VGDKv]TIE 




YLA 


WYQQKPGKVPKLLIY 


AASTLQS 


CjvF5Kt SUStotjIUt 1L1 1 c>i> UJrtAJwfK i 1 1 C 






7 




UUl^ ( 10) /Va • • (20] 


AIQLTQSPSSLSAS\AaUjRVi i 'K; 


rs 1\ cvv~ tcc 
KrtisJCiloo 


ALA 


WYQQKPGKAPKLLIY 


DASSLES 


GVrSRr abSG^O IVrTLTI Sol JJf tOt Kills* 


QQFNNYP 




7 




M/fcAfl?/vfe< /V4a 1 35) 


AICjLTQSPSSIJSkSVGDRVITTC 


RASQGISS 


ALA 


WYQQKPGKAPKLLIY 


HASSLES 


GVPSRFSGSGSGTDFrLTISS LQPEDFATYYC 


QQFNSYP 




7 


FO 


L5/U^ (10] /Vb/Vb*/V4b{ 35] /DPKS 


DIQ*fP35PS5VSt5\A^KvTlTC 


RASQGISS 


WLA 


WYQQKPGKAPKLLIY 


AASSLQS 


UVroHr auSboo lUr YUl i StfUJff t*Jt Al l I L. 


%AJ/VuC r 




7 




Lld^/Vb" (35) /DPK6 


DIQKTQSPSSVSASV3)RVnTC 


RASQGISS 


WLA 


WYQQKPGKAPKLLIY 


AASSLQS 


GvySKr SG5G5ulur 11*1 lboLyrtUr AlTlC 






7 




( 10] /HK134/HK166 (19) /DPK7 


DiGHiospssLSASv^DRvnTc 


RASQGISS 


WLA 


WYQQKPEKAPKSLIY 


AASSLQS 


GVPSRFSGSGSGTDFTLTI SS LQPED FATYYC 


QQYNSYP 




7 


FO 


I*/Vd(35]/DPK8 


DIQLTQSPSFLSASMGDRVTITC 


RASQGISS 


YIA 


WYQQKPGKAPKLLIY 


AASTLQS 


GVPSRFSGSGSGTEFTLT ISSLQPEDFATYYC 


QQLNSYP 




7 


FO 


L9/Ve{35] 


AIPMTQSPSSFSASrGCRVTTrc 


RASQGISS 


YLA 


WYQQKPGKAPKLLIY 


AASTLQS 


GVPSRFSGSGSG'lDt i ' j rLTI SCLQSEDF ATYYC 


QQYYSYP 




7 


B17 


U2 l /HK102 1 31) /VI (25) 


DICJ4IQSPSTXSASVGDRV1T1VJ 


RASQSISS 


WLA 


WYQQKPGKAPKLLIY 


DASSLES 


GVPSRFSGSGStjiEKl'LTI SSLQPDDFATYYC 


QQYNSYS 




7 


pi 


L12 2 I10] 


DIQMDQSPSTLSASVOIRVTITC 


RASQSISS 


WLA 


WYQQKPGKAPKLLIY 


KASSLES 


GVPSRFSGSGSCjlT^lr^lLTI SSLQPDDFATYYC 


QQYNSYS 


i 
I 


7 


fd 


Ol2Vv3b[29) 


DICMTQSPSFLSASVGDPVriTC 


RASQSISS 


YLN 


WYQQKPGKAPKLLIY 


AASSLQS 


GVPSRFSGSGSGTDFTLTI SSLQPEDFATYYC 


QCGYSTP 




7 


FO 


OS/012 2 [29]/DPK9 


DIQHVQfiPSSLSASUGORVTnC 


RASQSISS 


YLM 


WYQQKPGKAPKLLIY 


AASSLQS 


GVPSRFSGSGSGTDFTLTI SSLQPFJDFATYYC 


QQSYSTP 




7 




124 ( 10] /Ve"/V13 ( 25] /DPK10 


VIVMPOSPSLLSASTGDRVTISC 


RMSQGISS 


YIA 


WYQQKPGKAPELLIY 


AASTLQS 


GVPSlsr SGSGSulUr rL115CLQatl)r«lTlC 




i 


7 


F6 


O4/0EU (29) /LFVK19H [ *) /DPK11 


DIQLTQSPSSLSASVGDFB/TTTC 


RVSQGISS 


YLN 


WYRQKPGKVPKLLIY 


SASNLQS 


GVPSRFSGSGSGTDFTLTI SSLQPEDVATYYG 


QRTYNAP 


* 


7 




L22(10] 


D ICfCQSP SFLSASVCDRVS 1 IC 


KASEGISS 


NLA 


WYLQKPGKSPKLFLY 


DAKDLHP 


GVSSRFSGRGSGTDFTLTIISLKPEDFAAYYC 


KDDFSYP 




7 




£29(10] 


AIRMIQSPFSLSASVQ)RVTrTC 


WASQGISS 


YLA 


WYQQKPAKAPKLFIY 


YASSLQS 


GVPSRFSGSGSGTDYTLTI SSLQPEDFATYYC 


QQYYSTP 




12 


P8 


A2(23)/DPK12 


DIVMIQTPLSLSVTPGQPASISC 


KSSQSLLHS DGKTYLY 


WYLQKPGQPPQLLIY 


EVSNRFS 


GVPDRFSGSGSGTDFTIJCISRVEAEDVGVYYC 


MQSIQLP 




13 




01/011 1 [29)/DPK13 


DIVMrorPLSLPVTPGEPASISC 


RSSQSLLDSDDGNTYLD 


WYLQKPGQSPQLLIY 


TLSYRAS 


GVPDRFSGSGSGTD^TIi<ISR\^EAEDVGVYYC 


MQRIEFP 


i 


13 




011 2 /V3a{29) 


ASISC 


RSSQSLIDSODGNTYLD 


CYLQKPGQSPQLLIY 


TLSYRAS 


GVPDRFSDSGSGTDFTLKISRVEAEDVGVYYC 


MQRIEFP 




12 




£13(10] 


DIWTOHLLSLPIPLGEPASISC 


RSSQSLLHS DGNTYLD 


WYLQKPGQSPQLLIY 


TISNKFY 


GWNKFSGSRSGTGFTLKFSKVEAFJ3VGVYCC 


EQGLQGP 


! 


12 




DPK14 


EINMTQTPLSLSITPGEQASMSC 


RSSQSLLHS DGYTYLY 


WFLQKARPVSTLLIC 


EVSNRFS 


GVPDRFSGSGSGTDFTLKISRVEAEDFGVYYC 


MQDAQDP 




12 


FO 


A3(24]/A19[17] /DPK15 


DIVMIQSPLSLPVTPGEPASISC 


RSSQSLLHS NGYNYLD 


WYLQKPGQSPQLLIY 


LGSNRAS 


GVPUKr 5b5G3vjlV)r lTJ\lSKVtAEUNCVl IC 


MuAlijJV 


, 


12 




A29[17]/DPK27 


DIVMIQTPPSLPVNPGEPASISC 


RSSQSLLHS NGYTYLH 


WYLQKPGQSPQLLIY 


RVSNHLS 


GVPDRFSGSGSGSDFTLKISViVEAEDVGVYYC 


MQATQFP 




12 




A13(17) 


DIVMIQTPPSLPVNPGEPASISC 


RSSQSLLHS NGYTYLH 


WYPQKPGQSPQLLIY 


RVSSRFS 


GVPDRFSGSGSGSDFTU<ISWVEAEDVGVYYC 


MQATQFP 




12 




A23(24]/DPK16 


DIVMIQTPLSSPVTLGQPASISC 


RSSQSLVHS DGNTYLS 


WLQQRPGQPPRLLIY 


KISNRFS 


GvPURr SGSGWj IDrTLKl 5 KVLAti/v\j\^i IU 


MjAiyr r 




12 




A7[17)/DPK17 


DrVKTQTPLSSPVTtJQQPASISF 


RSSQSLVHS DGNTYLS 


WLQQRPGQPPRLLIY 


KVSNRFS 


GVPDRr SGStjAblUrTLK i bKvtAUJVUVl YC 


TQATQFP 




12 


FO 


A17(17]/DPK1B 


DWWIUSPLSLPVrLQQPASISC 


RSSQSLVYS DGNTYLN 


WPQQRPGQSPRRLIY 


KVSNFDS 




MQGTHWP 




12 


FO 


A1|17)/DPK19 


DVVMIQSPLSLPVTLGQPASISC 


RSSQSLVYS DGNTYLN 


WFQQRPGQSPRRLIY 


KVSNWDS 


/^mr\DC*cr*cr"cr**rT^c* f Pf i/rc tj^ /rhrm /wo 






8 


P2 


All (24) /h«rtcv305 ( 27 ) /DPK20 


EIVLTQSPATLSLSPGERATLSC 


GASQSVSSS 


YLA 


WYQQKPGLAPRLLIY 


DASSRAT 


GITORFSGSGSGTDFTLTISRLEPEDFAVYYC 


QQYGSSP 




7 




I20/Vg"(20J 


EIVLTQSPATLSLSPGERATLSC 


RASQGVSS 


YLA 


WYQQKPGQAPRLLIY 


DASNRAT 


GIPARFSGSGPGTDFTLTISSLEPEDFAVYYC 


QQRSNWH 




7 


Fa 


116 (10) /humkv328/hviT5kv328h2(34] 


EXVMIQSPATI^VSPGEPATLSC 


RASQSVSS 


NLA 


WYQQKPGQAPRLLIY 


GASTRAT 


GIPARFSGSGSGTEFTLTISSLQSEDFAVYYC 


QQYNNW? 




7 


FO 


12 1 10] /hunfcv328h5 (34) /DPK21 


EIVMFQSPATLSVSPGEKATLSC 


RASQSVSS 


NLA 


WYQQKPGQAPRLLIY 


GASTRAT 


GIPARFSGSGSGTEFTLTISSLQSEDFAVYYC 


QQYNNWP 




a 


PO 


A27[24)/hunkv325/W RF(28)/DPK22 


EIVLTOSPGTLSLSPGERATLSC 


RASQSVSSS 


YLA 


WYQQKPGQAPRLLIY 


GASSRAT 


GIPDRFSGSGSGTDFTLTI SRLEPEDFAVYYC 


QQYGSSP 




8 




U5|10)/DPK23 


EIVMIQSPATLSLSPGERATLSC 


RASQSVSSS 


YLS 


WYQQKPGQAPRLLIY 


GASTRAT 


GI PARFSGSGSGlDtTLTI SSLQPEDFAVYYC 


QQDYNLP 




8 




HO 1 (10) 


EIVMIQSPPTLSLSPGEFVrLSC 


RASQSVSSS 


YLS 


WYQQKPGQAPRLLIY 


GASTRAT 


GI PARF SGSGSGTDFTLT 1 SSIXJPEDFAVYYC 


QQDYNIP 




8 




H02/Vh[32) 


EIVMIQSPPTLSLSPGERVTLSC 


RASQSVSSS 


YLT 


WYQQKPGQAPRLLIY 


GASTRAT 


3i f Ant oOoooLi lUr 1L11 ooLyr tUr AVi iL 


UUJJrlHiJt' 




7 


FO 


L4/Vg(32J 


EIVLTQSPATLSLSPGERATLSC 


RASQSVSS 


YLA 


WYQQKPGQAPRLLIY 


DASNRAT 


GI PARFSGSGSGTD FTLTI S SIXPEDFAVYYC 


QQRSNWP 




13 


Rl 


B3/VkIV[16] /DPK24 


DIVMTQSPDSLAVSLGERATINC 


KSSQSVLYSSNNKNYLA 


WYQQKPGQPPKLLIY WASTRES 


GVPDRFSGSGSGTDFILTISSIXJAEDVAVYYC 


QQYYS1V 




7 


FO 


B2/EV15130] 


ETTLTQSPAFMSATPGDKVNISC 


KASQD1DD 


DM4 


i WYQQKPGEAAIF I IQ 


! EATTLVP 


GIPPRFSGSGYGTDFTLTINNI ESEDAAYYFC 


IjQIIDNFP 





V K VI 7 A14(26]/DPK25 

7 PI A10(26)/A2«(17]/DPK26 



DVVhfPQSPAFLSVrPGEKVTTTC QASEGIGN 
EIVLTQSPDFQSVTPKEKVTITC RASQSIGS 



YLY WYQQKPDQAPKLLIK YASQSIS GVPSRFSGSGSGTDFTFTI SSLEAEDAATYYC QQGWKiiP 
SLH WYQQKPDQSPKLLIK YASQSFS GVPSr^SGSGSGIDrrLTINSLEALLAATYYC HQSSSLP 



VkVJJ u 



Bl(36) 



DrVLTQSPASLAVSPGQRATTTC RASESVSFL GINLIH WYQQKPGQPPKLLIY QASNKDT GWARFSGSGSGTDFTLTINPVEANDTANYYC LQSKNFP 



Figure 3. Amino acid sequences of germ-line V x segments with open reading frames. Where possible, sequences have been assigned to 
their respective loci (bold type) .Where two alleles have different nucleotide sequences these are followed by the superscripts 1 or 2 . Amino 
acid sequences from this study are labeled DPK1-DPK27 (see text). References for other sequences are in brackets, [*] indicates L. 
Foroni, personal communication. Amino acids are shown in single-letter codes. Sequences are arranged alphabetically within each 
subgroup according to the sequence of CDR1. Where two CDR1 sequences are identical, the order is based similarly upon the sequence of 
CDR2 or CDR3. The hypervariable regions, CDR1, CDR2 and CDR3 as defined by Kabat et al. [15] are labeled, as arc the 
antigen-binding loops, LI, L2 and L3 as defined by Chothia and Lesk [50]. Numbering of amino acid residues is according to [ 15| except in 
CDR1 where numbering is according to [50]. The length of the LI loop [50] is shown in italics. Germ-line sequences with known 
rearranged counterparts have been labeled RA/, where N represents the number of amino acid differences between the germ-line V x 
sequence and its closest rearranged counterpart (see Table 2). Note that L5/L19 l /Vb/Vb'/V4b/DPK5 and LI9 2 /Vb7DPK6; and 
L16/humkv328/humkv328h2 and L2/humkv328h5/DPK21 have identical protein sequences but different nucleotide sequences (see 
Fig. 4). 
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A-* [25], Aio i^j> n — t--»ji ^ V s<x ) L J ^J> ***nuu [Jij a/iu 
to the orphon segments W2 [38], W8AV10 [38], Z2 [43], 
chr22-4 [41]: DPK37 is new and is most similar to the 
orphon Z3 [41] (deletion of one nucleotide and three 
changes). The sequences of the four new segments, DPK2, 
DPK14, DPK23 and DPK37, were confirmed with clones 
from independent PCR amplifications. Subsequently, two 
of these segments, DPK2 and DPK23, proved to be 
identical to the sequences L14 and L25, which were 
published after the submission of this paper [10]. The fact 
that 35 of the 37 segments amplified from DP are identical 
to published sequences confirms that germ-line V x sequence 
polymorphism is rather limited [46], 

In addition to the confirmed sequences, many clones had 
sequences which were not observed in independent ampli- 
fications. Some had one or two nucleotide differences from 
the V x segments DPK1-DPK37 and were probably due to 
PCR errors. The 21 nucleotide substitutions in the 52 V X I 
sequences correspond to 5 x 10" 5 changes per nucleotide 
per PCR cycle and are consistent with the error rate for 1aq 
polymerase [47]. Other clones appeared to be due to PCR 
cross-over [8, 48]. 

We have compiled a comprehensive directory of the amino 
acid and nucleotide sequences of all germ-line V H segments 
with open reading frames (Figs. 1 , 3 and 4).Where possible, 
sequences have been assigned to their respective loci. We 
have compared these sequences with those of 113 rear- 
ranged V x sequences taken from the Genbank/EMBL 
nucleotide databases and 123 additional sequences from 
the literature (our rearranged database is available on 
request). All rearranged sequences were assigned to their 
closest germ-line counterparts. In Table 2 we note the 
closest sequence identities and the number of rearranged 
sequences assigned to each germ-line sequence. In a few 
examples, the rearranged sequence was found to be a 
composite of two V x segments, presumably arising by PCR 
cross-over during cloning. For example, VJ-X14 [49] is 
identical to 04/014/LFVK19H/DPK11 over the first 220 
nucleotides and virtually identical to 02/012 2 /DPK9 over 
the last 100 nucleotides, due to a cross-over in FR3. 

Only 24 of the 50 germ-line sequences in our directory were 
found to have rearranged counterparts. Although 162 
rearranged sequences correspond to mapped V x segments 
from the J x -proximal region of the kappa locus only 5 are 
derived from the J x -distal region. These correspond to the 
germ-line sequences A2/DPK12, A1/DPK19, All/humkv- 
305/DPK20 and L16/humkv328/humkv328h2 (see Fig. 1). 
Of the rearranged sequences, 69 correspond to 08/018/- 
DPK1, L5/L19/Vb/W/V4b/DPK5, 02/012 2 /DPK9, 04/- 
014/LFVK19H, A3/A19/DPK15 and A10/A26/DPK26: in 
these cases each rearranged sequence could have been 
derived from V H segments from either the J x -proximal or 
J x -distal region. No rearranged sequences correspond to 
the unmapped V x segments LFVK5, LFVK431 and 
DPK14. 

The distribution of the number of amino acid differences 
across all 236 assigned rearranged sequences is shown in 
Fig. 5. This includes sequences of antibodies with a wide 
range of specificities. As sequence polymorphism at the 
germ-line level is limited (see above) the majority of 
changes are probably due to somatic mutation. 
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4.1 Functional V x segments 

The map of the V x locus (Fig. 1) contains 76 segments. It is 
estimated, on the basis of hybridization experiments, that 
4-6 V x segments have yet to be mapped [11, 14], The V x 
segments LFVK5, LFVK431 and DPK14 could, therefore, 
correspond to the unmapped loci or could be allelic variants 
of mapped V x segments. 

From our sequence directory (Fig. 3 and 4) and from the 
assignment of 236 rearranged sequences to their closest 
germ-line counterparts (Table 2) we find that no more than 
24 of the 50 germ-line sequences have rearranged counter- 
parts, suggesting that the expressed V x repertoire is mainly 
derived from these segments. Indeed for 7 of these V x 
sequences we could find only a single example of a 
rearrangement, and in 4 cases (L1/HK137, L12VHK102/ 
VI, 04/014/LFVK19H/DPK11 and A2/DPK11) the 
assignment is tentative in view of the number of sequence 
differences. It is also possible that some of the remaining 
segments with open reading frames are functional, but are 
only rarely used. Others may well prove to have frame shifts 
or stop codons in the leader exon, defective recombination 
signals or splice sites or other cis- acting defects which 
render them non functional. A14/DPK25, for example, has 
an altered heptamer which may prevent its rearrangement. 
We have made similar observations for human germ-line V H 
segments where only 49/83 germ-line sequences with open 
reading frames were seen as rearranged genes [8]. 



4.2 V x segment usage 

The assignment of rearranged V x genes to their germ-line 
counterparts (Table 2) confirms that segments from all four 
clusters (A, B, L and O) and from six subgroups (I-VI) are 
used. Segments from the V X I and V X III subgroups are used 
most frequently (96 and 90 rearranged sequences respec- 
tively); those from the V x Il and V X IV subgroups less 
frequently (24 and 22 respectively); and those from the V X V 
and V X VI subgroups rarely (2 rearranged sequences each). 
The only V X VII segment, Bl, has no rearranged counter- 
part in our database. As noted above, some of the V x 




0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 >20 

Number of amino acid differences 



Figure 5. Distribution of the number of amino acid differences 
between each sequence in a database of rearranged V x sequences 
(236 in total) and its closest germ-line counterpart in our directory. 
The database of rearranged V x sequences is available on disk on 
request. 
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segments are rarely used, and of the 24 germ-line 
sequences, only about 11 appear to be frequently used 
(Table 2). 

Of the rearranged sequences, 162 correspond to V x seg- 
ments from the J x -proximal region of the kappa locus, 
whereas only 5 appear to be derived from the J x -distal 
region. Indeed, one of these rearranged sequences from 
the J x -distal region, EVJK11, which corresponds to 
All/humkv305/DPK20, is the product of aberrant recom- 
bination [30]. An additional 69 rearranged sequences could 
conceivably be derived from V x segments in either the 
proximal or distal regions. However, as has been previously 
noted, the segments 02 (distal) and 012 (proximal) differ 
by one nucleotide in a region which flanks the exon [29]: 
rearranged sequences which include this region appear to 
be derived from 012 rather than 02 [29]. Although there is 
a clear bias towards use of the J H -proximal V H segments, we 
can detect no bias within the J x -proximal region. 

The reason for the remarkable bias towards use of V x 
segments from the J x -proximal region is unclear. It may be 
due to the relative distances of the proximal and distal 
regions from the J x segments or the different recombination 
mechanisms necessary to produce the rearranged V M gene: 
most V x segments in the proximal region rearrange by 
deletion, whereas those in the distal region must rearrange 
by inversion. We note that lack of the J x -distal copy of the 
locus (haplotype 11) does not appear to be deleterious 
[21]. 

The assignment of rearranged V x genes may help in 
dissecting the mechanisms of the human immune system. 
For example, more than half of the rearranged sequences in 
our database have three or fewer residue changes (Fig. 5). 
Antibodies from patients with chronic lymphocytic leu- 
kemia (CLL) and X-linked agammaglobulinemia (XLA) 
are rarely mutated or unmutated. More highly mutated V x 
genes tend to be seen in myelomas and in antibodies which 
are subject to an antigen-driven response. In the case of 
autoantibodies, the level of somatic mutation appears to be 
normal. 

4.3 Structures of loops implicit in the human V x 
segments 

The antigen-binding loops of immunoglobulin variable 
domains have been shown to adopt a limited number of 
main chain conformations or "canonical structures" [50, 
51]. The structure of each loop depends on its length and the 
identity of certain key residues involved in its packing, and 
using this information it is sometimes possible to predict the 
structure of the loops from the sequence of the V x domain 
[51]. Here we have attempted to identify the loop structures 
of those human V x segments that appear to undergo 
rearrangement (Table 2). 

Across different species, the V x antigen binding site loop LI 
(residues 26-32, corresponding to CDR1, see Fig. 3) can 
have lengths of 6, 7, 8, 11, 12 and 13 residues and 
presumably can form at least six major conformations [50, 
51].The structures of antibodies with loopsof 6,7, 12 and 13 
residues have been solved crystallographically: in each case 
residue 29 in the loop is buried in the p-sheet framework, 
and packs against residues 2, 25, 33 and 71 [50, 51]. These 
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packing contacts are often very similar: lle/Val 2, Ala/Ser 
25, Val/Ile/Leu 29, Leu/Met 33 and Tyr/Phe 71 [50]. 

However, for those human V x segments with rearranged 
counterparts (Table 2), we only see LI loops of 7, 8, 12 and 
13 residues (Fig. 3). In all cases the packing contacts are 
highly conserved, suggesting that the segments should 
encode four major conformations of the LI loop. Of the 
germ-line sequences, 17 (141 rearranged sequences) 
encode a 7-residue LI loop, 2 sequences (49 rearranged 
sequences of which 48 use the VJII segment A27) encode 
an 8-residue loop, 4 sequences (24 rearranged sequences) 
encode a 12-residue loop and 1 sequence (22 rearranged 
sequences) encodes a 13-residue LI loop. LI lengths of 6 
residues have only been seen in mice [15], suggesting that 
mouse V x segments encode structures which cannot be 
encoded by human V x segments. 

The L2 loop (residues 50-52, corresponding to CDR2, see 
Fig. 3) is only three residues long in all structures, and 
undergoes packing interactions with framework residues 48 
and 64 [50, 51]. All germ-line V x sequences with rearranged 
counterparts (Fig. 3 and Ikble 2) have He 48 and Gly 64, 
indicating that they are likely to encode a single loop 
conformation. 

The L3 loop (residues 91-96, corresponding to CDR3, see 
Fig. 3) is encoded mainly by the V x segment, and is most 
often a six-residue loop with Gin, Asn or His at 90 and Pro 
at 95 [50, 51]. Almost all human germ-line V x sequences 
with rearranged counterparts encode Gin 90 and Pro 95, 
except A20/DPK4 (Lys 90), 04/014/LFVK19H/DPK11 
(Arg 90), L12VHK102/V1 and L12 2 (Ser 95). This indicates 
that most human V x germ-line segments encode a single 
conformation of this loop: but depending on the location of 
the V- J join and nucleotide addition, other conformations 
may be formed in the rearranged gene. 

We note that several of the germ-line sequences that do not 
have rearranged counterparts in our database (Fig. 3 and 
Table 2) have atypical residues at the key residues involved 
in the packing of the antigen-binding loops (LI loop: L22 
[Leu 48]; LFVK5 and OH 2 /V3a [Asp 64]; L3 loop: L20/Vg" 
[His 95]) or unusual loop lengths (Bl has an LI of 11 
residues). 

In combination, the three antigen-binding loops LI , L2 and 
L3 of human germ-line V x segments are likely to encode 
four major folds. Since our repertoire of cloned human 
germ-line V x segments includes 15 of the 24 germ-line V x 
sequences with rearranged counterparts and examples of 
each of the four major folds it should be a valuable resource 
for building synthetic antibodies for use in phage display 
libraries. 
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Objective. To evaluate the safety and efficacy of a 
chimeric monoclonal antibody to tumor necrosis factor 
a (TNFa) in the treatment of patients with rheumatoid 
arthritis (RA). 

Methods. Twenty patients with active RA were 
treated with 20 mg/kg of anti-TNFa in an open phase 
I/II trial lasting 8 weeks. 

Results. The treatment was well tolerated, with 
no serious adverse events. Significant improvements 
were seen in the Ritchie Articular Index, which fell from 
a median of 28 at study entry to a median of 6 by week 
6 (P < 0.001), the swollen joint count, which fell from 18 
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to 5 (P < 0.001) over the same period, and in the other 
major clinical assessments. Serum C-reactive protein 
levels fell from a median of 39.5 mg/liter at study entry 
to 8 mg/liter at week 6 (P < 0.001), and significant 
decreases were also seen in serum amyloid A and 
interleukin-6 levels. 

Conclusion. Treatment with anti-TNFa was safe 
and well tolerated and resulted in significant clinical and 
laboratory improvements. These preliminary results 
support the hypothesis that TNFa is an important 
regulator in RA, and suggest that it may be a useful new 
therapeutic target in this disease. 

Despite optimal use of current antirheumatic 
therapy, the outcome for many patients with rheuma- 
toid arthritis (RA) consists of pain, disability, and 
premature death (1-3). As a response to the need for 
more effective and less toxic treatment, and to an 
increase in our understanding of the pathogenic mech- 
anisms in RA, several groups have used monoclonal 
antibodies as therapeutic agents in this disease (4-10). 
Such immunotherapy has been, in most cases, tar- 
geted specifically to the T cell, a strategy based on 
evidence that T cells are involved in the initiation and 
maintenance of RA (11). 

Here, we outline an alternative immunothera- 
peutic strategy, which involves the use of monoclonal 
antibodies with specificity for a cytokine, tumor ne- 
crosis factor a (TNFa). This approach is based on a 
body of knowledge regarding the role of cytokines in 
general, and of TNFa in particular, in the inflamma- 
tory process in RA. The first clearly documented study 
demonstrated the presence of interleukin-1 (IL-1) in 
RA synovial fluid (12). Subsequently, we and others 
have reported the presence and local synthesis in 
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Table 1. Demographic features of 20 patients with refractory rheu- 
matoid arthritis 



Pa- 
tient 



Disease 
Age/ duration 
sex (years) 



Previous 
DMARDs* 



Concomitant 
therapyt 



1 


48/F 


7 


SSZ, DP, GST, 
AUR, MTX, 
AZA, HCQ 


Pred. 5 mg 


2 


63/F 


7 


SSZ, GST, DP 


Para. 1-2 gm 


3 


59/M 


3 


AUR, HCQ, 
GST, MTX, 
SSZ 


Pred. 10 mg, Indo. 225 
mg 


4 


56/M 


10 


GST, DP, AZA, 
SSZ 


Pred. 12.5 mg, Ibu. 2 gm, 
Para. 1-2 gm 


5 


28/F 


3 


GST, SSZ, DP, 
AZA 


Pred. 8 mg, Para. 1-2 
gm, Code. 16 mg 


6 


40/M 


3 


SSZ, HCQ, 
AUR 


Nap. 1 gm 


7 


54/F 


7 


DP, GST, SSZ, 
AZA, MTX 


Para. 1-2 gm, Code. 
16-32 mg 


8 


23/F 


11 


,HCQ, GST, 
SSZ, MTX, 
AZA 


Pred. 7.5 mg, Dicl. 
100 mg, Para. 1-2 gm, 
Dext. 100-200 mg 


n 
y 


jitr 


1 c 

1 J 


GST, HCQ, DP, Pred. 7.5 mg, Dicl. 125 
MTX mg, Para. 1-3 gm 


10 


47/F 


12 


SSZ, CYC, 
MTX 


Ben. 4 gm 


11 


34/F 


10 


DP, SSZ, MTX 


Pred. 10 mg, Para. 1.5 
gm, Code. 30-90 mg 


12 


57/F 


12 


GST, MTX, 
DP, AUR 


Asp. 1.2 gm 


13 


51/F 


7 


SSZ, AZA 


Para. 1-4 gm 


14 


72/M 


11 


GST, DP, AZA, Pred. 5 mg, Para. 1-4 
MTX gm, Code. 16-64 mg 


15 


51/F 


17 


HCQ, DP, SSZ, 
MTX 


Asp. 0.3 gm 


16 


62/F 


16 


GST, DP, SSZ, 
MTX, AZA 


Para. 1-4 gm, Code. 
16-64 mg 


17 


56/F 


11 


SSZ, DP, GST, 
MTX, HCQ, 
AZA 


Pred. 7.5 mg, Eto. 600 
mg, Para. 1-2 gm, 
Dext. 100-200 mg 


18 


48/F 


14 


GST, MTX, 
DP, SSZ, 
AUR, AZA 


Pred. 7.5 mg, Indo. 
100 mg, Para. 1-3 gm 


19 


42/F 


3 


SSZ, MTX 


Fen. 450 mg, Ben. 6 gm, 
Code. 30 mg 


20 


47/M 


20 


GST, DP, SSZ, 
AZA 


Pred. 10 mg, Para. 1-3 
gm 



* Disease-modifying antirheumatic drugs (DMARDs) were SSZ = 
sulfasalazine; DP = D-penicillamine; GST = gold sodium thioma- 
lale; AUR = auranofin; MTX = methotrexate; AZA = azathioprine; 
HCQ = hydroxychloroquine; CYC » cyclophosphamide, 
t Daily doses are shown. Pred. = prednisolone; Para. = paraceta- 
mol; Indo. = indomethacin; Ibu. = ibuprofen; Code. = codeine 
phosphate; Nap. = naprosyn; Dicl. = diclofenac; Dext. = dextro- 
propoxyphene; Ben. = benorylate; Asp. = aspirin; Eto. = etodolac; 
Fen. = fenbufen. 



rheumatoid synovial membrane of many cytokines, 
including IL-1 (13), TNFa (13,14), 1L-6 (15), 
granulocyte-macrophage colony-stimulating factor 
(GM-CSF; 16), IL-8 (17), and transforming growth 
factor p (TGF0) (18,19). 

We have investigated the relationships between 
these cytokines in RA, using a synovial culture system 
in which dissociated rheumatoid synovial cells are 
allowed to spontaneously re-aggregate in vivo. Even in 
the absence of extrinsic stimulation, such cells express 
high levels of cytokines and HLA class II molecules 
(20). Using this system, we showed that production of 
bioactive IL-1 was abrogated by neutralizing antibod- 
ies to TNFa, but not by antibodies to TNF/3 or by 
normal rabbit IgG (21). This occurred in rheumatoid, 
but not osteoarthritic, cultures and suggested to us 
that TNFa was of particular importance as a regula- 
tory cytokine. Subsequent analysis reinforced this 
concept, with the demonstration that another proin- 
flammatory cytokine, GM-CSF, was regulated in the 
synovial membrane by TNFa (22) and that TNFa 
receptor expression, necessary for transmitting TNFa 
signals, was up-regulated in rheumatoid synovium 
(23,24). 

Two recent mouse studies provide further in- 
sight into the importance of TNFa in arthritis. Keffer 
et al (25) described a mouse transgenic for the human 
TNFa gene, which expressed high levels of human 
TNFa in vivo and which reproducibly developed 
arthritis beginning at 4 weeks of age. The disease in 
these animals could be prevented by administration of 
monoclonal antibodies to human TNFa. In separate 
experiments in our own laboratory, we showed that in 
the type II collagen arthritis model in the DBA/1 
mouse, the hamster anti-murine TNF monoclonal anti- 
body TN3.19.2 significantly ameliorated the inflamma- 
tion and tissue destruction when administered before 
or after the onset of disease (26). 

Based on these considerations, it was of inter- 
est to determine the effect of therapy with a chimeric 
(human IgGl, murine Fv) monoclonal antibody to 
human TNFa in patients with rheumatoid arthritis. We 
report here that anti-TNFa therapy was safe and well 
tolerated, and induced marked improvements in both 
clinical and laboratory disease measures. These find- 
ings are consistent with our postulate concerning the 
critical role of TNFa in the pathogenesis of RA 
(27,28), and suggest that TNFa may be a useful 
therapeutic target in this disease. 
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Table 2. 



Changes in clinical assessments following treatment of rheumatoid arthritis patients with cA2* 



Week 
of 
trial 



Morning 
stiffness, 
minutes 



Screen 135 , 0-600 

0 180, 20-600 

1 20, 0-180 
(<0.001t) 

2 15, 0-150 
(<0.001t) 

3 5, 0-150 
(<0.001t) 

4 15, 0-90 
(<0.001t) 

6 5,0-90 
(<0.001t) 

8 15,0-60 
(<0.001t) 



Pain score, 


Ritchie index, 


0-10 cm 


0-69 


1 A A Q 1 

7.4, 4-V. / 


Zj, *t— J I 


7.1, 2.7-9.7 


Zo, 4— jZ 


1 (\ ft fi-7 ft 
i.O, u.o— f .0 


13, 2-28 


(<0.001t) 


(<0.001; <0.002t) 


3.0, 0.3-6.4 


13, 1-28 


(<0.001t) 


(<0.001t) 


2.2, 0.2-7.4 


8,0-22 


(<0.001t) 


(<0.001t) 


1.9, 0.1-5.6 


10, 0-17 


(<0.001t) 


(<0.001t) 


1.9, 0.1-6.2 


6, 0-18 


(<0.001t) 


(<0.001t) 


2.1,0.2-7.7 


8, 1-28 


(<0.001t) 


(<0.001t) 



Swollen 
joint count, 
0-28 



16, 4-28 
18, 3-27 

13.5, 1-25 
(>0.05) 

11.5, 1-22 
(<0.003; <0.02t) 

6, 1-19 
(<0.001; <0.002t) 

6,0-21 
(<0.001; <0.002t) 
5, 1-14 
(<0.001t) 

7, 1-18 
(<0.001t) 



Grip strength, 
0-300 mm Hg 



Left hand 



Right hand 



Patient's 
assessment, 
no. grades 
IDA, improved, 
1-4 0-3 



84, 45-300 

77, 52-295 

122, 66-300 
(>0.05) 

139, 75-300 
(<0.03; >0.05t) 

113,51-300 
(>0.05) 

124, 79-300 
(<0.02; >0.05t) 

119,68-300 
(<0.04; >0.05t) 

117, 6W00 
(<0.03; >0.05t) 



96, 57-300 
92, 50-293 
133, 57-300 

(>0.05) 
143, 59-300 

(>0.05) 
142, 65-300 

(>0.05) 
148, 64-300 
(<0.03; >0.05t) 

153, 62-300 
(<0.05; >0.05t) 

167, 53-300 
(<0.03; >0.05t) 



3, 2.3-3.3 NA 

3, 2-3.5 NA 

2, 1.5-3.3 1, 1-3 
(<0.001t) 

2, 1.5-3.2 1.5, 1-3 
(<0.001t) 

2, 1.2-3.2 2, 1-2 
(<0.001t) 

1.8,1.3-2.7 2,1-2 
(<0.001t) 

1.7, 1.3-2.8 2, 1-2 
(<0.001t) 

1.8, 1.5-2.8 2, 1-3 
(<0.001t) 



* Values are the median, range (P) for 20 patients for the initial screen and 
after week 2 of study. All P values versus week 0, by Mann-Whitney test, 
t Adjusted for multiple statistical comparisons. 



weeks 0-2, and for 19 patients thereafter. Patient 15 dropped out 
IDA = Index of Disease Activity; NA « not applicable. 



PATIENTS AND METHODS 

Patient selection. Twenty patients were recruited, 
each of whom fulfilled the American College of Rheumatol- 
ogy (formerly, the American Rheumatism Association) cri- 
teria for the diagnosis of RA (29). The clinical characteristics 
of the patients are shown in Table 1. The study group 
comprised 15 females and 5 males, with a median age of 51 
years (range 23-72), a median disease duration of 10.5 years 
(range 3-20), and a history of failed therapy with standard 
disease-modifying antirheumatic drugs (DMARDs) (median 
number of failed DMARDs 4, range 2-7). 

Seventeen patients were seropositive at study entry 
or had been seropositive at some stage of their disease. All 
had erosions evident on radiographs of the hands or feet, and 
3 had rheumatoid nodules. All patients had active disease at 
trial entry, as defined by an Index of Disease Activity (IDA) 

(30) of at least 1.75, together with at least 3 swollen joints, 
and were classified in anatomic and functional stage II or III 

(31) . The pooled data for each of the clinical and laboratory 
indices of disease activity at the time of screening for the 
trial (up to 4 weeks prior to trial entry), and on the 
day of trial entry itself (week 0), are shown in Tables 2 and 3. 

Ail DMARDs were discontinued at least 1 month 
prior to trial entry. Patients were allowed to continue taking 
a nonsteroidal antiinflammatory drug and/or prednisolone 
(<12.5 mg/day) during the trial. The dosage of these agents 
was kept stable for 1 month prior to trial entry and during the 
course of the trial. No parenteral corticosteroids were al- 
lowed during these periods. Simple analgesics were allowed 
ad libitum. 

Patients with other serious medical conditions were 
excluded from study. Specific exclusions were as follows: 
serum creatinine >150 ^moles/liter (normal 60-120), hemo- 
globin (Hgb) <90 gm/liter (normal 120-160 in females, and 
135-175 in males), white blood cell (WBC) count <4 x 



10 9 /liter (normal 4-11 x 10 9 /liter), platelet count <100 x 
10 9 /liter (normal 150-400 x 10 9 /liter), and abnormal liver 
enzyme levels or active pathology noted on chest radiographs. 

All patients gave their informed consent for the trial, 
and approval was granted by the local ethics committee. 

Treatment protocol. cA2 is a chimeric human/mouse 
monoclonal anti-TNFa antibody, consisting of the constant 
regions of human (Hu)IgGl*c, coupled to the Fv region of a 
high-affinity neutralizing murine anti-HuTNFa antibody 
(A2). The antibody was produced by Centocor Inc., by 
continuous fermentation of a mouse myeloma cell line which 
had been transfected with cloned DNA coding for cA2, and 
was purified from culture supernatant by a series of steps 
involving column chromatography. The chimeric antibody 
retains specificity for natural and recombinant HuTNFa, 
and is of high affinity. 

The antibody was stored at 4°C in 20-ml vials con- 
taining 5 mg of cA2 per milliliter of 0.01A/ phosphate 
buffered saline in 0.15M sodium chloride at a pH of 7.2 and 
was filtered through a 0.2-jtm sterile filter before use. The 
appropriate amount of cA2 was then diluted to a total 
volume of 300 ml in sterile saline and administered intrave- 
nously via a 0.2-/im in-line filter over a period of 2 hours. 

Patients were admitted to the hospital for 8-24 hours 
for each treatment, and were mobile except during infusions. 
The trial was of an open, uncontrolled design, with a 
comparison of 2 treatment schedules. Patients 1-5 and 1 1-20 
received a total of 2 infusions, each consisting of 10 mg/kg of 
cA2, at entry to the study (week 0) and 14 days later (week 
2). Patients 6-10 received a total of 4 infusions of 5 mg/kg at 
cA2, at entry and on days 4, 8, and 12. The total dose received 
by the 2 patient groups was therefore the same: 20 mg/kg. 

Assessments. Safety monitoring. Vital signs were 
recorded every 15-30 minutes during infusions, and at 
intervals for up to 24 hours postinfusion. Patients were 
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Table 3. Changes in laboratory measures following treatment of rheumatoid arthritis patients with cA2* 



Week 
of 
trial 



Hgb, 
gm/liter 



WBC, 
xl0 9 /liter 



Platelets, 
xl0 9 /liter 



ESR, 
mm/hour 



CRP, 
mg/liter 



SAA, 
mg/mt 



RF, 
inverse titer 



Screen 
0 



8 



117,98-146 

113, 97-144 

1 14, 96-145 
(>0.05) 

112,95-144 

(>0.05) 
110, 89-151 

O0.05) 
112, 91-148 

00.05) 
116,91-159 

(>0.05) 
114, 94-153 

(>0.05) 



7.9, 3.9^15.2 
9.0, 4.9-15.7 

8.5, 3.6-13.6 
(>0.05) 

8.2, 4.3-12.7 

(>0.05) 
9.0, 3.7-14.4 

(>0.05) 
8.2, 4.7-13.9 

(>0.05) 
9.1,2.^-13.9 

(>0.05) 

7.6, 4.2-13.5 
(>0.05) 



352, 274-631 
341, 228-710 
351, 223-589 

(>0.05) 
296, 158-535 
(<0.04; >0.05t) 

289, 190-546 
(<0.03; >0.05t) 
314, 186-565 

(>0.05) 
339, 207-589 

(>0.05) 
339, 210-591 
(>0.05) 



59, 18-87 
55, 15-94 

26, 13-100 
(>0.05) 

27, 10-90 
(<0.02; >0.05t) 

27, 12-86 
(<0.04; >0.05t) 

23, 10-87 
(<0.04; >0.05t) 

23, 12-78 
(<0.03; >0.05t) 

30, 7-73 
(>0.05) 



42, 9-107 
39.5, 5-107 
5,0-50 
(<0.001t) 
5.5, 0-80 
(<0.001; <0.003t) 

7,0-78 
(<0.001; <0.002t) 

10, 0-91 
(<0.004; <0.02t) 
8,0-59 
(<0.001t) 
6, 0-65 
(<0.00lt) 



ND 
245, 18-1,900 
58, 0-330 
(<0.001; <0.003t) 
80, 11-900 
(<0.02; <0.04t) 
ND 

ND 

ND 

ND 



ND 

2,560, 160-10,240 
ND 

ND 

ND 

ND 



ND 

480, 40-5,120 
(>0.05) 



* Values are the median, range (P) for 20 patients for the initial screen and weeks 0-2, and for 19 patients thereafter. Patient 15 dropped out 
after week 2 of study. For rheumatoid factor (RF), only those patients with week 0 titers ^ 1 : 160 in the particle agglutination assay were included 
(n = 14) All P values versus week 0, by Mann- Whitney test. Normal ranges: hemoglobin (Hgb) 120-160 gm/liter in females and 135-175 gm/hter 
in males; white blood cell (WBC) count 4-1 1 x 10 9 /liter; platelet count 150-400 x 10 9 /liter; erythrocyte sedimentation rate (ESR) <15 mm/hour 
in females and <10 mm/hour in males; C-reactive protein (CRP) <10 mg/liter; serum amyloid A (SAA) <I0 mg/ml. ND = not done. 



questioned concerning possible adverse events before each 
infusion and at weeks 1, 2, 3, 4, 6, and 8 of the trial. A 
complete physical examination was performed at screening 
and at week 8. In addition, patients were monitored by 
standard laboratory tests including a complete blood cell 
count, and levels of C3 and C4 components of complement, 
IgG, IgM, and IgA, serum electrolytes, creatinine, urea, 
alkaline phosphatase, aspartate transaminase, and total bil- 
irubin. 

Sample times for these tests were between 0800 and 
0900 hours (preinfusion) and 1200-1400 hours (24 hours 
postinfusion). Blood tests subsequent to day 1 were per- 
formed in the morning, usually between 0700 and 1200 
hours. Urine analysis and culture were also performed at 
each assessment point. 

Response assessment. The patients were assessed 
for response to cA2 at weeks 1, 2, 3, 4, 6, and 8 of the trial. 
The assessments were all made between 0700 and 1300 hours 
by the same observer (AL-F). The following clinical assess- 
ments were made: duration of morning stiffness (minutes), 
pain score (0-1 0 cm on a visual analog scale), Ritchie 
Articular Index (maximum score 69) (32), number of swollen 
joints (28 joint count) (validation described in ref. 33), grip 
strength (0-300 mm Hg, mean of 3 measurements per hand, 
by sphygmomanometer cuff), and an assessment of function 
(the Stanford Health Assessment Questionnaire [HAQ], 
modified for British patients [34]). In addition, the patients' 
global assessments of response were recorded using a 
5-point scale (worse, no response, fair response, good re- 
sponse, excellent response). 

Routine laboratory indicators of disease activity in- 
cluded complete blood cell counts, C-reactive protein (CRP) 
levels (by rate nephelometry), and the erythrocyte sedimen- 
tation rate (ESR; Westergren). Followup assessments were 
made at monthly intervals after the conclusion of the formal 
trial period, in order to assess the duration of response. 



Analysis of improvement in individual patients was 
made using two separate indices. First, an IDA was calcu- 
lated for each time point according to the method of Mallya 
and Mace (30), with input variables of morning stiffness, pain 
score, Ritchie Articular Index, grip strength, ESR, and Hgb. 
The second index calculated was that of Paulus et al (35), 
which uses input variables of morning stiffness, ESR, joint 
pain/tenderness, joint swelling, and patient's and physician's 
global assessments of disease severity. 

To calculate the presence (or otherwise) of a re- 
sponse according to this index, two approximations were 
made to accommodate our data. The swollen joint count 
used by us (nongraded total of swollen joints of 28 joints 
assessed), which has been validated (33), was used in place 
of the more extensive graded count described by Paulus et 
al, and the patient's and physician's global assessments of 
response recorded by us were approximated to the global 
assessments of disease activity used by Paulus et al (35). In 
addition to determining response according to these pub- 
lished indices, we selected 6 disease activity assessments of 
interest (morning stiffness, pain score, Ritchie Articular 
Index, swollen joint count, ESR, and CRP) and calculated 
their mean percentage improvement. We have used this 
value to give an indication of the degree of improvement 
seen in responding patients. 

Immunologic investigations. Rheumatoid factors 
were measured using the rheumatoid arthritis particle agglu- 
tination assay (RAPA) (FujiBerio Inc, Tokyo, Japan), in 
which titers of 1:160 or greater were considered significant. 
Rheumatoid factor isotypes were measured by enzyme- 
linked immunosorbent assay (ELISA) (Cambridge Life Sci- 
ences, Ely, UK). Addition of cA2, at concentrations of up to 
200 /ig/ml, to these assay systems did not alter the assay 
results (data not shown). 

Antinuclear antibodies were detected by immunoflu- 
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orescence on HEp-2 cells (Biodiagnostics, Upton, UK), and 
antibodies to extractable nuclear antigens were measured by 
counterimmunoelectrophoresis with polyantigen extract 
(Biodiagnostics). Sera positive by immunofluorescence were 
also screened for antibodies to DNA by the Farr assay 
(Kodak Diagnostics, Amersham, UK). Anticardiolipin anti- 
bodies were measured by ELISA (Shield Diagnostics, 
Dundee, Scotland). Serum amyloid A (SAA) was measured 
by sandwich ELISA (Biosource International, Camarillo, 
CA). Antiglobulin responses to the infused chimeric anti- 
body were measured by an in-house ELISA, using cA2 as a 
capture reagent. 

Cytokine assays. Bioactive TNF was measured in 
sera using the WEHI 164 clone 13 cytotoxicity assay (36). 
Total IL-6 was measured in sera using a commercial immu- 
noassay (Medgentx Diagnostics, Brussels, Belgium) and 
using a sandwich ELISA developed in-house, with mono- 
clonal antibodies provided by Dr. F. di Padova (Basel, 
Switzerland). Microtiter plates were coated with monoclonal 
antibody LNI 314-14 at a concentration of 3 /tg/ml for 18 
hours at 4°C, and blocked with 3% bovine serum albumin in 
0.1M phosphate buffered saline, pH 7.2. Undiluted sera or 
standards (recombinant HuIL-6, 0-8.1 ^g/ml) were added to 
the wells in duplicate and incubated for 18 hours at 4°C. 
Bound IL-6 was detected by incubation with monoclonal 
antibody LNI 110-14 for 90 minutes at 37°C, followed by 
biotin-labeled goat anti-murine IgG2b for 90 minutes at 37°C 
(Southern Biotechnology, Birmingham, AL). The assay was 
developed using streptavidin-alkaline phosphatase (South- 
ern Biotechnology) and p-nitrophenyl phosphate as a sub- 
strate, and the optical density read at 405 nm. 

Statistical analysis. Data for week 0 versus subse- 
quent time points were compared for each assessment using 
the Mann-Whitney test. For comparison of rheumatoid 
factor titers (by RAP A), the data were expressed as dilutions 
before applying the test. 

This was an exploratory study, in which prejudg- 
ments about the optimal times for assessment were not 
possible. Although it has not been common practice to adjust 
for multiple statistical comparisons in such studies (4-10), a 
conservative statistical approach would require adjustment 
of P values to take into account analysis at several time 
points. The P values have therefore been presented in two 
forms: unadjusted, and after making allowance for analysis 
at multiple time points by use of the Bonferroni adjustment. 
Where P values remained <0.001 after adjustment, a single 
value only is given. A P value of <0.05 is considered 
significant. 

RESULTS 

Safety of cA2. The administration of cA2 was 
exceptionally well tolerated, with no headache, fever, 
hemodynamic disturbance, allergy, or other acute 
manifestation. No serious adverse events were re- 
corded during the 8-week trial. Two minor infective 
episodes were recorded, each "possibly related'* to 
cA2: patient 15 presented at week 2 with clinical 
features of bronchitis. Sputum culture grew only nor- 



mal commensals. She had a history of smoking and of 
a similar illness 3 years previously. The illness re- 
sponded promptly to treatment with amoxicillin, but 
her second cA2 infusion was withheld and the data for 
this patient are therefore not analyzed beyond week 2. 
Patient 18 showed significant bacteriuria on routine 
culture at week 6 (>10 5 /ml; lactose-fermenting coli- 
form), but was asymptomatic. This condition also 
responded promptly to amoxicillin. 

Routine analysis of blood samples showed no 
consistent adverse changes in hematologic parame- 
ters, renal function, liver function, or levels of C3, C4, 
or immunoglobulins during the 8 weeks of the trial. 
Four minor, isolated, and potentially adverse labora- 
tory disturbances were recorded. Patient 2 experi- 
enced a transient rise in blood urea levels, from 5.7 
mmoles/liter to 9.2 mmoles/liter (normal 2.5-7), with 
no change in serum creatinine. This change was asso- 
ciated with the temporary use of a diuretic, which had 
been prescribed for a non-rheumatologic disorder. The 
value normalized within 1 week and was classified as 
"probably not related" to cA2. 

Patient 6 experienced a transient fall in the 
peripheral blood lymphocyte count, from 1.6 x 10 9 / 
liter to 0.8 x 10 9 /liter (normal 1 .0-4.8). This abnormal- 
ity was not seen at the next sample point (2 weeks 
later), was not associated with any clinical manifesta- 
tions, and was classified as "possibly related" to cA2. 
Patients 10 and 18 developed elevated titers of anti- 
DNA antibodies at weeks 6 and 8 of the trial. Elevated 
anticardiolipin antibodies were also detected in patient 
10. Both patients had a preexisting positive antinuclear 
antibody titer, and patient 10 had a history of border- 
line lymphocytopenia and high serum IgM. There were 
no clinical features of systemic lupus erythematosus, 
and the laboratory changes were judged "probably 
related" to cA2. 

Efficacy of cA2. The pattern of response for 
each of the clinical assessments of disease activity and 
the derived IDA are shown in Table 2. All clinical 
assessments showed improvement following treatment 
with cA2, with maximal responses from week 3. 
Duration of morning stiffness decreased from a median 
of 180 minutes at study entry (week 0) to 5 minutes at 
week 6 (P < 0.001 by Mann-Whitney test, adjusted), 
representing a 97% improvement. The pain score 
decreased from 7.1 to 1.9 over the same period (P < 
0.001, adjusted), representing an improvement of 73%. 
Similarly, the Ritchie Articular Index improved from 
28 to 6 at week 6 (P < 0.001 , adjusted; 79% improve- 
ment), and the swollen joint count decreased from 18 
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WEEKS 

Figure 1. Swollen joint counts (maximum 28), as recorded by a 
single observer, in 20 patients with rheumatoid arthritis treated with 
cA2. The screening time point was within 4 weeks of entry to the 
study (week 0); data from patient 15 were not included after week 2 
(dropout). Significance of the changes, relative to week 0, were 
determined by Mann- Whitney test (adjusted): P > 0.05 at week i f P 
< 0.02 at week 2, P < 0.002 at weeks 3 and 4, and P < 0.001 at 
weeks 6 and 8. Bars show median values. 

to 5 (P < 0.001, adjusted; 72% improvement). The 
individual swollen joint counts for all time points are 
shown in Figure 1. 

Grip strength also improved; the median grip 
strength rose from 77 mm Hg (left) and 92 mm Hg 
(right) at week 0 to 119 (left) and 153 (right) at week 6 
(P < 0.04 and P < 0.05, left and right hands, respec- 
tively; P > 0.05 both hands, adjusted for multiple 
comparisons). The IDA has a range of 1 (normal) to 4 
(severe disease activity). The IDA showed a decrease 
from a median of 3 at study entry to 1.7 at week 6 (P 
< 0.001, adjusted). Patients were asked to grade their 
responses to cA2 using a 5-point scale. No patient 
recorded a response of "worse" or "no change" at 
any point in the trial. "Fair," "good," and "excel- 
lent" responses were classified as improvements of 1, 
2, and 3 grades, respectively. At week 6, there was a 
median of 2 grades of improvement (Table 2). 

We also measured changes in the patients' 
functional capacity, using the HAQ, as modified for 
British patients (range 0-3). The median (range) HAQ 
score improved from 2 (0.9-3) at study entry to 1.1 
(0-2.6) by week 6 (P < 0.001 and P < 0.002 adjusted). 

The changes in the laboratory values which 
reflect disease activity are shown in Table 3. The most 
rapid and impressive changes were seen in serum CRP 
levels, which fell from a median of 39.5 mg/liter at 
week 0 (normaKlO) to 8 mg/liter by week 6 of the trial 
(P < 0.001, adjusted), representing an improvement of 



80%. Of the 19 patients with elevated CRP at study 
entry, 17 showed decreases to the normal range at 
some point during the trial. The improvement in CRP 
was maintained in most patients over the assessment 
period (Table 3 and Figure 2); the exceptions with high 
values at 4 and 6 weeks tended to be those with the 
highest starting values (data not shown). 

The ESR also showed improvement, with a fall 
from 55 mm/hour at study entry (normal <10 in males 
and <15 in females) to 23 mm/hour at week 6 (P < 0.03 
and P > 0.05 adjusted; 58% improvement). SAA levels 
were elevated in all patients at trial entry, and fell from 
a median of 245 mg/ml (normal <10) to 58 mg/ml at 
week 1 (P < 0.003 adjusted; 76% improvement) and to 
80 mg/ml at week 2 (P < 0.04, adjusted). No significant 
changes were seen in Hgb level, WBC count, or 
platelet count at week 6, although the platelet count 
did improve at weeks 2 and 3 compared with trial entry 
(Table 3). 

The response data were also analyzed for each 
patient individually (not shown). The majority of pa- 
tients had their best overall responses at week 6, at 
which time 13 assessed their responses as "good" 
while 6 assessed their responses as "fair." Eighteen of 
the 19 patients who completed the treatment schedule 
achieved an improvement in the IDA of 0.5 or greater 
at week 6, and 10 achieved an improvement of 1.0 or 
greater. All patients achieved a response at week 6 



120- 
100 
80 




WEEKS 

Figure 2. Serum C-reactive protein (CRP) levels (normal 0-10 
mg/liter), as measured by nephelometry, in 20 patients with rheu- 
matoid arthritis treated with cA2. The screening time point was 
within 4 weeks of entry to the study (week 0); data from patient 15 
were not included after week 2 (dropout). Significance of the 
changes, relative to week 0, were determined by Mann-Whitney test 
(a<Jjusted): P < 0.001 at week I, P < 0.003 at week 2, P < 0.002 at 
week 3, P < 0.02 at week 4, and P < 0.001 at weeks 6 and 8. Bars 
show median values. 
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according to the index described by Paulus et al (35). 
At week 6, all patients showed a mean improvement of 
30% or greater in the 6 selected measures of disease 
activity (see Patients and Methods), with 18 of the 19 
patients showing a mean improvement of 50% or 
greater (data not shown). 

Although the study was primarily designed to 
assess the short-term effects of cA2 treatment, fol- 
lowup clinical and laboratory data are available for 
those patients followed for sufficient time (n = 12). 
The duration of response in these patients, defined as 
the duration of a 30% (or greater) mean improvement 
in the 6 selected disease activity measures, was vari- 
able, ranging from 8 weeks to 25 weeks (median 14) 
(data not shown). 

Comparison of the clinical and laboratory data 
for patients treated with 2 infusions of cA2 (each at 10 
mg/kg) versus those treated with 4 infusions (each at 5 
mg/kg) showed no significant differences in the rapid- 
ity or extent of response (data not shown). 

Immunologic investigations and cytokines. Mea- 
surement of rheumatoid factor by RAPA showed 14 
patients with significant titers (> 1:160) at trial entry. 
Of these, 6 patients showed a decrease of at least 2 
titers on treatment with cA2, while the remaining 
patients showed a change of 1 titer or less. No patient 
showed a significant increase in rheumatoid factor titer 
during the trial (data not shown). The median titer in 
the 1 1 patients decreased from 1 :2,560 at entry to 1 :480 
by week 8 (P > 0.05) (Table 3). Specific rheumatoid 
factor isotypes were measured by ELISA, and showed 
decreases in the 6 patients whose RAPA had declined 
significantly, as well as in some other patients (data 
not shown). Median values for the 3 isotypes in the 14 
patients seropositive at trial entry were 119, 102, and 
62 IU/ml (IgM, IgG, and IgA isotypes, respectively) 
and at week 8 were 81, 64, and 46 IU/ml (P > 0.05). 

We tested sera from patients 1-9 for the pres- 
ence of bioactive TNF, using the WEHI 164 clone 13 
cytotoxicity assay (36). In 8 patients, serum samples 
spanning the entire trial period were tested, while for 
patient 9, only 3 samples (1 pretrial, 1 intermediate, 
and the last available sample) were tested. The levels 
of bioactive TNF were below the limit of sensitivity of 
the assay in the presence of human serum (1 pg/ml) 
(data not shown). 

Since production of CRP and SAA are thought 
to be regulated in large part by IL-6, we also measured 
serum levels of this cytokine, using 2 different assays 
which measure total IL-6. In the Medgenix assay, IL-6 
was significantly elevated in 17 of the 20 patients at 



study entry. In this group, levels fell from 60 pg/ml 
(range 18-500) to 40 pg/ml (range 0-230) at week 1 (P 
> 0.05) and to 32 pg/ml (range 0-210) at week 2 (P < 
0.005 and P < 0.01, adjusted). These results were 
supported by measurement of serum IL-6 in the first 16 
patients in a separate ELISA developed in-house. IL-6 
was detectable in 11 of these samples, with median 
(range) levels falling from 210 pg/ml (25-900) at entry 
to 32 pg/ml (0-1 ,700) at week 1 (P < 0.02 and P < 0.04, 
adjusted) and to 44 pg/ml (0-240) at week 2 (P < 0.02 
and P < 0.03, adjusted). 

We tested sera from patients 1-10 for the pres- 
ence of antiglobulin responses to the infused chimeric 
antibody, but none were detected (data not shown). In 
many patients, however, cA2 was still detectable in 
serum samples taken at week 8 (data not shown) and 
this may have interfered with the ELISA. 

DISCUSSION 

This is the first report describing the adminis- 
tration of anti-TNFa antibodies for treatment of hu- 
man autoimmune disease. Many cytokines are pro- 
duced in rheumatoid synovium, but we chose to 
specifically target TNFa because of mounting evi- 
dence that it was a major molecular regulator in RA 
(21,22,26-28). The study results presented here sup- 
port that view and allow 3 important conclusions to be 
drawn. 

First, treatment with cA2 was safe and the 
infusion procedure was well tolerated. Although fever, 
headache, chills, and hemodynamic disturbance have 
all been reported following treatment with anti-CD4 or 
anti-CDw52 in RA (6,10), such features were absent in 
our patients. Also notable was the absence of any 
allergic event despite repeated treatment with the 
chimeric antibody, although the interval between ini- 
tial and repeat infusions may have been too short to 
allow maximal expression of any antiglobulin re- 
sponse. The continuing presence of circulating cA2 at 
the conclusion of the trial may have precluded detec- 
tion of antiglobulin responses, but also indicated that 
any such responses were likely to be of low titer and/or 
affinity. Although we recorded 2 episodes of infection 
among the study group, these were minor and the 
clinical courses were unremarkable. TNFa has been 
implicated in the control of Listeria and other infec- 
tions in mice (37), but our limited experience does not 
suggest an increased risk of infection after TNFa 
blockade in humans. 

The second conclusion concerns the clinical 
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efficacy of cA2. The patients we treated had longstand- 
ing, erosive, and for the most part, seropositive dis- 
ease, and therapy with several standard DMARDs had 
failed. Despite this, the major clinical assessments of 
disease activity and outcome (morning stiffness, pain 
score, Ritchie articular index, swollen joint count, and 
HAQ score) showed statistically significant improve- 
ment, even after adjustment for multiple comparisons. 
All patients graded their response as at least "fair," 
with the majority grading it as "good." In addition, all 
achieved a response according to the criteria of Paulus 
et al and showed a mean improvement of at least 30% 
in 6 selected disease activity measures. The design of 
the trial does not allow these results to be attributed to 
the action of cA2 alone. However, the extent of the 
clinical improvements, their consistency throughout 
the study group, and the parallel changes in laboratory 
indices of disease activity (see below) are encouraging. 

The improvements in clinical assessments fol- 
lowing treatment with cA2 appear to be at least as 
good as those reported following treatment of similar 
patients with antileukocyte antibodies (6,10), although 
firm conclusions concerning each of these agents will 
require controlled, blinded studies. The two therapeu- 
tic approaches may already be distinguished, how- 
ever, by their effects' on the acute-phase response, 
since in several studies of antileukocyte antibodies, no 
consistent improvements in CRP or ESR were seen 
(4-6,8,10). In contrast, treatment with cA2 resulted in 
significant decreases in serum CRP and SAA values, 
with normalization of values in many patients. The 
changes were rapid and marked, and in the case of 
CRP, sustained for the duration of the study (Table 3). 
The decreases in ESR were less marked, achieving 
statistical significance only when unadjusted for the 
number of comparisons (Table 3). 

These results are consistent with current con- 
cepts that implicate TNFa in the regulation of hepatic 
acute-phase protein synthesis, either directly, or by 
control of other, secondary, cytokines such as IL-6 
(38,39). To investigate the mechanism of control of the 
acute-phase response in our patients, we measured 
serum TNFa and IL-6 before and after cA2 treatment. 
Bioactive TNFa was not detectable in sera obtained at 
baseline or subsequently. In view of previous reports 
of variability between different immunoassays in the 
measurement of cytokines in biologic fluids (40), we 
used 2 different assays for IL-6, and both demon- 
strated significant decreases in serum IL-6 levels by 
week 2. These findings support the other objective 
laboratory changes induced by cA2, and provide in 
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vivo evidence that TNFa may be a regulatory cytokine 
for IL-6 in this disease. Among the other laboratory 
tests performed, levels of rheumatoid factors fell sig- 
nificantly in 6 patients. 

The mechanism of action of cA2 leading to the 
clinical responses outlined above was not established 
in this study. Neutralization of TNFa may have a 
number of beneficial consequences, including a reduc- 
tion in the local release of cytokines such as IL-6 and 
other inflammatory mediators, and modulation of 
synovial endothelial/leukocyte interactions. cA2 may 
also bind directly to synovial inflammatory cells ex- 
pressing membrane TNFa, with subsequent in situ cell 
lysis. Further studies should establish which actions of 
cA2 may be clinically important. 

The results obtained in this small series have 
important implications, both scientifically and clini- 
cally. At the scientific level, the ability of the neutral- 
izing antibody, cA2, to reduce acute-phase protein 
synthesis, reduce the production of other cytokines 
such as IL-6, and significantly improve the clinical 
state demonstrates that it is possible to interfere with 
the cytokine network in a useful manner without 
untoward effects. Due to the many functions and 
overlapping effects of cytokines such as IL-1 and 
TNFa, and the fact that cytokines induce the produc- 
tion of other cytokines and of themselves, there had 
been some pessimism as to whether targeting a single 
cytokine in vivo would have any beneficial effect 
(41,42). This view is clearly refuted. On the clinical 
side, the results of short-term treatment with cA2 are 
encouraging, and suggest that TNFa may be a useful 
new therapeutic target in RA. 
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Recently we demonstrated that human antibody 
fragments with binding activities against foreign antigens 
can be isolated from repertoires of rearranged V-genes 
derived from the mRNA of peripheral blood lymphocytes 
(PBLs) from unimmunized humans. The heavy and light 
chain V-genes were shuffled at random and cloned for 
display as single-chain Fv (scFv) fragments on the surface 
of filamentous phage, and the fragments selected by 
binding of the phage to antigen. Here we show that from 
the same phage library we can make scFv fragments 
encoded by both unmutated and mutated V-genes, with 
high specificities of binding to human self-antigens. 
Several of the affinity purified scFv fragments were 
shown to be a mixture of monomers and dimers in 
solution by FPLC gel filtration and the binding kinetics 
of the dimers were determined using surface plasmon 
resonance (* on = lOS-lO 6 M" 1 s" 1 l k oSf = 10" 2 s"" 1 and 
K & = 10 7 M" 1 ). The kinetics of association are typical 
of known Ab- protein interactions, but the kinetics of 
dissociation are relatively fast. For therapeutic 
application, the binding affinities of such antibodies could 
be improved in vitro by mutation and selection for slower 
dissociation kinetics. 

Key words: human antibodies/phage display/self 



Introduction 

Human monoclonal antibodies (mAbs) have huge potential 
for therapy, but are difficult to make by immortalizing B- 
lymphocytes (for reviews see James and Bell, 1987; Winter 
and Milstein, 1991). Furthermore, it is especially difficult 
to generate human mAbs directed against human antigens 
(anti-self antibodies), for example antibodies against soluble 
TNF to block septic shock (Spooner et aL, 1992), against 
membrane bound carcinoembryonic antigen to image 
colorectal carcinoma (Mach etaL, 1980) or against 
lymphocyte antigens to destroy tumour in lymphoma (Hale 
etaL, 1988). This difficulty results from immunological 



tolerance mechanisms that prevent the antigen-driven 
expansion of B-cell clones with self specificities (Burnet, 
1959; Nossal, 1989). After antibody gene rearrangement, 
virgin B-cells may display antibodies with self-reactivity, but 
tolerance mechanisms can lead to their deletion (Nossal, 
1989; Nemazee et aL, 1991; Russell et aL, 1991) or to their 
anergy (Nossal, 1989; Basten et aL, 1991; Erikson et aL, 
1991). It has been suggested that cells may be anergized if 
the antigen is soluble, but deleted if the antigen is membrane 
bound (Hartley et aL, 1991). B-cell tolerance does not seem 
to occur when concentrations of soluble antigen are low (in 
contrast to T-cell tolerance) and B-cells with poor affinities 
for antigen are not tolerized, even at higher antigen 
concentrations (Adelstein et aL, 1991). Such non-tolerized 
B-cells are not usually expanded because they lack T-cell 
help (Bretscher and Cohn, 1970; Adelstein etaL, 1991), 
although proliferation can be induced artificially by using 
polyclonal B-cell activators (reviewed in Nossal, 1987). 

It is estimated that 10-30% of B-lymphocy tes in normal, 
healthy individuals are engaged in making autoantibodies 
(Cohen and Cooke, 1986). However, the 'natural 
autoantibodies* produced do not lend themselves to 
therapeutic use as they are often IgM, low affinity and 
polyreactive (see Nakamura etaL, 1988; Tomer and 
Schoenfeld, 1988; Casali and Notkins, 1989; Rossi et aL, 
1990; Avrameas, 1991). An immune response against self 
can arise in autoimmune disease (see Smith and Steinberg, 
1983) or after infections (see Bona, 1988) and a few human 
mAbs directed against self-antigens have been isolated from 
patients with active autoimmune disease (see James and Bell, 
1987). These autoantibodies are frequently specific, but may 
bind to only a restricted range of epitopes on the antigen 
(see Bouanani etaL, 1991). 

Recently monoclonal antibody fragments have been 
generated and expressed in bacteria using phage antibody 
technology (McCafferty et aL, 1990) by cloning repertoires 
of V-genes into filamentous bacteriophage and selecting the 
recombinant phage with antigen (for review, see 
Hoogenboom etaL, 1992). The repertoires comprised 
random combinatorial libraries (Huse et aL, 1989) of the 
rearranged heavy and light chain V-genes of immunized 
animals or human donors. Immunization leads to clonal 
expansion and production of mRNA by plasma cells: as a 
result, derived V-gene repertoires are enriched for sequences 
of heavy and light chains encoding part of an antigen binding 
site (Hawkins and Winter, 1992). The selected antibody 
fragments can have good affinities for antigen, for example 
x at least 10 8 M" 1 for the hapten phOx (Clackson etaL, 
1991). However, because it is difficult to raise an immune 
response to self-antigens, we have sought to extend the 
technology to the generation of human antibodies without 
the use of immunization. 

In principle, a range of binding specificities could be 
isolated from a single huge and diverse phage library by 
selection with either self or foreign antigens (for review, see 
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Table I. Frequency of binding clones isolated from the unimmunized scFv library after selection 



Antigen Rounds of selection Number of unique clones 



Thyroglobulin (bovine) ~ 
Thyroglobulin (human): selected on bovine - 

Fogl (human IgGlx antibody) - 

TNFa (human) - 
CEA (human) 

MUC1 (human): selected with peptide 

rsCD4 (human) - 



122/1920 



18/40 
10/40 

83/192 
0/96 



12 



94/96 
92/96 
1/96 
0/96 



2/96 
2/96 
8/96 



The ratios indicate the frequency of binding clones after each round of selection. Phagemids were rescued with M13AgIII helper phage, except for the 
CEA, MUC1 and rsCD4 selections, where VCS-M13 helper phage was used. 



Marks etal, 1992a). To this end, from a large phage 
antibody library, we first isolated antibody fragments with 
a high specificity of binding to foreign antigens (turkey 
lysozyme, bovine serum albumin and the hapten 
phenyloxazolone) (Marks et al, 1991) and with affinities 
(AT,) in the range 10 6 — 10 7 M" 1 . Repertoires of rearranged 
heavy and light chain V-genes were provided by PCR 
amplification from the /t, x and X mRNA of peripheral blood 
lymphocytes from unimmunized, healthy human donors. The 
V-genes were assembled (Clackson et al, 1991) at random 
(Huse et al , 1989) to encode repertoires of single-chain Fv 
(scFv) fragments (Bird et a/.,- 1988; Huston et al, 1988). 
The fragments were displayed on the surface of the 
filamentous bacteriophage (McCafferty etal., 1990) by 
fusion to the minor coat protein pin (Smith, 1985), and 
phage encoding scFv fragments with binding activities were 
selected by binding of the phage to antigen. On infection 
of bacteria with the selected phage (Hoogenboom etal, 
1991), soluble scFv fragments produced from individual 
clones by secretion into the bacterial periplasm (Glockshuber 
et al, 1990) were screened for binding activity. We now 
demonstrate the use of the same phage library to isolate 
antibody fragments with high specificity against self-antigens. 



Results 

The selected human antibody fragments show high 
specificity against self-antigens 
The unimmunized library was subjected to affinity 
enrichment on a range of antigens (see Materials and methods 
and Table I). After 2-5 rounds of selection, Escherichia 
coii cells were infected with eluted phage and antibody 
fragments produced by individual clones were screened for 
binding by ELISA, Phage selected with the 20 amino acid 
MUC1 peptide (Price etal, 1990), which corresponds to 
a repeated motif in human MUC1 mucin (tumour-associated 
polymorphic epithelial mucin or PEM) (Gendler et al, 1988; 
Gum et al , 1990), were screened for binding to human PEM 
and hence bind to both peptide and the protein. The V-genes 
of clones with binding activities were sequenced and between 
1-12 different clones identified for each antigen (Table I). 
The appearance of only low numbers of clones binding to 
CEA, PEM and human recombinant soluble CD4 (rsCD4), 
even after several rounds of selection, may reflect the use 
of VCS-M13 as helper phage (instead of M13Agin helper 
used for the other antigens). Populations of phage(mid) 
particles produced by rescue with M13AglH (which cannot 



produce pill) have higher average avidities than those 
produced by rescue with VCS-M13 (where the wild-type pBQ 
encoded by the helper phage can compete with scFv-pIII 
fusions). 

The scFv fragments were then screened for binding to a 
panel of other protein antigens and were found to be highly 
specific. This is illustrated in Figure 1 with the three clones 
with strongest ELISA signals for bovine thyroglobulin, 
human TNFa and the human mAb Fog-1 , and in Figure 2 
with the single clones with binding activity to human CEA, 
MUC1 and human rsCD4. However for a few clones with 
poor ELISA signals on the target antigen, we found signals 
with some of the other proteins of the panel (not shown). 

The antibody fragments are derived from a range of 
unmutated and somatically mutated V-genes 

The sequences of several clones with self-specificity are 
given in Table II and contain both kappa and lambda light 
chains (Table III). Comparison with the sequences of the 
nearest germline V-gene segments indicates that several 
different families are used (VH1, 3, 4 and 5; Vxl and 4, 
VX1, 2 and 3). In a few cases the V-genes are completely 
germline, for example both the VH and VX genes of 
aThy-29. However, most of the V-genes have several 
differences from the nearest germline V-gene segments, both 
at the nucleotide and amino acid level (Table III), suggesting 
that they are derived from somatically mutated B-cells (Berek 
and Milstein, 1987). Some mutations may have arisen during 
the PCR amplification and assembly process, for example 
the VH-genes of aFOGl-G8 and aMUCl-1, and the Vx- 
gene of aThy-33 probably arose from cross-overs between 
two V-genes during PCR amplification (Table III). 
Furthermore, large differences (for example the Vx of 
aFOGl-H6, which differs by 36 nucleotides) may be due 
to the use of unknown V-gene segments. There is a striking 
homology in the CDR3 of the heavy chain between aTNF- 
Al and aTNF-El: the germline V-genes are different but 
the same JH segments are used and 1 1 out of 16 residues 
of CDR3 are identical. This suggests that both scFv 
fragments may bind to the same epitope of TNF. 

The antibody fragments are directed to different 
epitopes on the same protein 

The scFv fragments directed against bovine thyroglobulin 
were screened for binding to human thyroglobulin, which 
differs by only six single amino acid residues in the protomer 
(Malthtery and Lissitzky, 1987). Four of the twelve clones 
(including aThy-29) bound to human thyroglobulin, whereas 
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Fig. 1. Specificities of soluble single-chain Fvs (scFvs) isolated from the 
unimmunized library by selection on bovine thyroglobulin (upper panel), 
human TNFa (centre panel) or the human mAb Fog-1 (y\,x) (Melamed 
et al y 1987) (lower panel). Binding was determined by ELISA to a panel 
of proteins: 1, plastic; 2, hen egg trypsin inhibitor; 3, chymotrypsinogen 
A; 4, hen egg ovalbumin; 5, keyhole limpet haemocyanin; 6, bovine 
thyroglobulin; 7, human TNFa; 8, turkey egg-white lysozyme; 9, horse 
heart cytochrome c; 10, bovine serum albumin; 11, mAb Fog-1. 

the rest (including aThy-32 and aThy-33) did not (data not 
shown). Likewise the fragments binding to the human 
antibody Fog-1 were screened for binding to a range of other 
antibodies differing in heavy and light chain isotype 
(Figure 3). The fragment aFOGl-A4 bound to all heavy 
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Fig. 2. Specificities of soluble single-chain Fvs (scFvs) isolated from the 
unimmunized library by selection on human CEA (upper panel), the MUC1 
peptide (Price et aL, 1990) (central panel) or human CD4 (lower panel). 
Binding was determined by ELISA to a panel of proteins: 1, hen egg tryp- 
sin inhibitor; 2, chymotrypsinogen A; 3, hen egg ovalbumin; 4, keyhole 
limpet haemocyanin; 5, CEA; 6, urine extract containing human polymor- 
phic epithelial mucin (PEM); 7, bovine thyroglobulin; 8, hen egg-white 
lysozyme; 9, bovine serum albumin; 10, chicken y globulin coupled to 
4-hydroxy-3-nitrophenyl acetic acid; II, human recombinant soluble CD4. 
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Table II. Deduced protein sequences of several antigen-specific scFv fragments isolated from the unimmunized library 



A. Heavy chains 



FR 1 



CDR I 



scFv 

aThy-23 QVQLQQSCGGWQPGRSMRLSCAASCFNFR SYGHH 

alhy-29 QVQI.VQSGAFVKKPGASVKVSCKASGYTFT SYCIS 

aThy-32 QVQLVQSGGG LVQPGRS LRLSCAASGFTFD DYAMH 

□Thy -33 QVQLVQSGGGWQPGGS LR LSCAASG LS I R TNGMH 

afOGl -A3 EVQLVE SGGC LVQPGGS LR LSCAASG TTT S SYWWS 

aTOGl-AI QVQLQE SGG SWQPGRS LR LSC AASGFTF S NYAIH 

aFOGl-H6 QVQLQQSGGSLVQPGGSLRLSCAASGFTFS NSGMN 

oFOCl-GB QVQLQESCAGLLKPSETLSLTCAVYGCSFS GfYWIG 

aTNF-Al EVQLVESCGG LVQPGGS LR LSCAASG FTFS SYGMH 

nTNF-El QVQLQE SGGG LVQPGG S LR LSCAASG LTFS SYAMH 

aTNF-E7 QVQl-QESGAEVKKPGSSVKVSCKASGGTFS SYAIS 

OTNF-H9G1 QVQLVQSGAEVKKTGSSVKVSCKTSGYTFT YRYLH 

aCEA4-BA QVQLQQSGAEVKKPGASVKVSCKASGYTFT SYGIS 

OHUC1-1 QVQLVQSGAEVKKPGASVKVSCKASGYTFT GYYMH 

aCD<1-"M QVQLQQSGAEMKKPGESLKI SCKGFGYDFS TYWIG 



FR 2 



CDR 2 



FR 3 



CDR 3 



WVRQAPGKGLEWVS G I SGSGGSTY Y AD SVKG 

WVRQAPGQGLEWMG W I SAYNGNTN Y AQKLQG 

WVRQAPGKGLEWVS G1SSNSGSIGYADSVKG 

WVRQAPG KG LEWV A AISYDGRSVYYAOSVQG 

WVRQAPG KG LEHVA NIKQDGSEKYYVDSVKG 

WVRQAPG KG LEWV A VISYDGGYEYYAOSVKG 

WVRQAPGKGLEWVS YISSSSSTI YYADSVKG 

WVRQHPGKG LEWMG IINPGOSOTRYSPSFQG 



RFTISRDNSKKTLYLQhtJSLRAEDTAVYYCAK GSMIWARYFDY 

RVTKITDTSTSTAYMELRSLRSDOTAVYYCAA DTGRI DDFWSGYNFDY 

RFTISRONAKNSLYLQWSLRAEOTALYYCAR GIAVAGAYYFDY 

RVTISRDNSKNTVHLQITSLKSEOTAVYYCAK DSSSSWFLOS 



WV LQAPG KG LEWV A 
WVRQAPG KG LEWV A 
WVRQAPGQGLEWMG 
WVRQAPGQA LEWMG 

WVRQAPGQGLEWMG 
WVRQAPGQGLEWMG 
WVRQMPGKGLEYMG 



I). Light chains 
scFv 



FR 1 



CDR 1 



FR 2 



F I RYOGSNKY YAOSVKG 
VI SYDGSNKY YADSVKG 
G 1 1 PI FGTANYAQKFQG 
WITPFNGNTNYAQKFQD 
W I SAY tXjNTNY AQKLQG 
W I NPNSGGTNYAQKFQG 
LIYPGDSOTKYSPSFQG 



CDR 2 



RFTISRDNAKNTLYLQMNSLRDEDTAVYYCAK 
RST I SRONSKNTLY LQMNS LRAEOTAVY YCAR 
RFTISRONAKNSLYLQMNSLRDEDTAVYYCAR 
QVTISVDKSVSTAYLQWSSLKPSDSAVYFCAR 

RFT I SRONSKNTLY LQMNS LRAEOTAVY YCVR 
RFT I SRONSKNTLY LQMDNLRAEDTAVY YCVR 
RVTITADESTSTAYMELSSLRSEDTAVYYCAR 
RVTITRDRSMSTAYMELSSLRSEDTAMYYCAR 



NPRDSGSYYYFOY 

DASVHTAPYYYMDV 

EEGGLMDV 

HDVCYCSSPNCAKRPEYFQH 

EDHVITTGRYHYYMDV 
EOYVITSGFYYYUMDV 
GPLRGYDYYYYYMQV 
SGDLYSGYED 



RVTMTTDTSTSTAYMELRSLRSDDTAVYYCAR DSFGYCSSTSCPYYYYYMOV 
RVT ITROTSASTA YMELS S LRSEDTAVY YCAR DFLSGY LOY 
QVTISADKSISTAYLQWSSLKASOTAMYYCAR VSGYCSSTSSYDYYYYYMDV 



FR 4 

WGQGTLVTVSS 
WGQGTLVT 
WGQGTLVTVSS 
WGQGTLV 

WGQ 
WGK 
WGKG 
WGQ 

WGK 
WGK 
WGK 
WGQ 

WGKGTTVTVSS 
WGQGTLVTVSS 
WG 



FR 3 



CDR 3 



aThy-23 
aThy-29 
aThy-32 
aThy-33 

OFOG1-A3 
OFOG1-A4 
aF0Gl-H6 
aFOGl-GB 

aTNF-Al 

aTNF-El 

aTNF-E7 

nTNF-H9Gl 

aC EA4-8A 

nMUCI-1 

aCU4-74 



OIQMTQSPSSLSASVGDSVTITC QASQGIRNDLA 

SS E LTQOPAV SVALGQTVR I TC QGDSLRSYYAS 

QSVLTQPPSVSGAPGQRVTISC TGSSNIGAGYDVH 

OWMTQSP STVSASVGDRVTLTC RASQS I SRWLA 

QSALTQPASVSGSPGQSITISC TGTSSDVGGYNYVS 

DIQMTQSPSSLSASVGORVTITC RASQGISNYLA 

DIQMTQSPSTLSASIGDRVTITC RASQNIDSWLA 

DIQMTQSPSTLSAS {GORVTITC RASQS IGLWLA 



WYQQKPGKAPKLLIY AASTLQS GVPSRFSGSGSGTEFTLTINGLQPEDFATYYC QQLGAYPLT 

WYQQKPGQAP VLVI Y GKNNRPS GIPORFSGSSSGNTASLTITGAQAEOEAOYYC NSROSSGNLYW 

WYQQLPGAAPKLLI Y GNSNRPS GVPORFSGSKSGTSASLAITGLQAEDEADYYC QSYDSSLSGWV 

WYQQKPGQPPKLLIY WASTRKS GVPDRFSGSGSGTOFTLTI SSLQADDFATY YC QHYDSFSPS 

WYQQYPGKAPKLLIY EVSKRPS GVSNRFSGSKSGNTASLTISGLQTEDEADYFC SAYAPTGIMM 

WYQQKPGKVPKLLIY AASTLQS GVPSRFSGSGSGTDFTLTI SSLQPEOVAVYYC QQYYSTPT 

WFQHKPGKAPKPLIY GAFTLQN GVPSRFSGSGSGTEFSLTISSLQPODFATYFC QQAHSFPPT 

WYQQKPGKAPKLLIY AASTLQT GVPSTFSGSGSGTEFTLTISSLRPEOFATYYC QQLISYPLT 



0 I QMTQSPSS LSASVGDRVTI TC 
E I V LTQSPS SVSASVGORVTI TC 
D I VMTQSP SS LSAS I GDRVT I TC 
QSVLTQP P SVSGPPGQRVTI SC 

EIVLTQSPSS LS ASVGDRVT I TC 
QSV LTQP AS VSGS POQS ITISC 
HV I LTQP PSASVAPGQRVT ISC 



RESQGI RNDLG 
RASQGIRSHLA 
RESQGI RNDLG 
TGTSSNIGAGYDVY 

RASQSISSYLN 

TGTSSDVGGYKYVS 

SGSRSNIGSNPVS 



WYQQKPGKAPKLLIY 
WYQQKPGKAPNLLI Y 
WYQQKPGKAPKLLIY 
WYQQLPDTSPRVLIY 

WYQQKPGKAPKLLIY 
WYQQHPOKAPKVMIY 
WYRQFPGAAPKLLIY 



GTSSLQS GVPSRFSGSGSGTDFTLTI SSLQPEDFATYYC QQTTSFPLT 

AASTLET GVPSRFSGSGSGTDFTLTI SSLQPEDFATYYC QQANSFPLT 

AASSLQS GVPSRFSGSGSGTDFTLTI SSLQPEDFATYFC QQANSLPPT 

RNSNRPS GVPDRFSGSKSGTSASLAITGLQAEDEADYYC QSYDSRLIRV 

AASSLQS GVPSRFSGSGSGTDFTLTI SSLQPEDFATYYC QQYSNYPLT 

DVTNRPS GGSNRFSGSKSGNTASLTISGLQAEDEADYYC SSYAGAQSLV 

IODRRSS GVPDRVSGSRSGTSASLAISGLQSEDEADYYC VAWDDSLKCWV 



FR 4 

FGGGTKLEIKR 
FGGGTKLTVLG 
FGGGTKVTVLG 
FGQGTKVEIK 

FGGGTKLTVLG 
FGQGTKVEIKR 
FGGGTRLEIKR 
FGGGTKVEIKR 

FGGGTKLEIK 
FGGGTKLE 
FGGGTKVEIKR 
FGGGTKLTVLG 

FGGGTKVD I K 

FGGGTKLTVLG 

FGEGTKLTVL 



FR, framework region; CDR, complementarity-determining region. Bovine thyroglobulin binders; ofThy-23, aThy-29, aThy-32 and aThy-33. Human 
thyroglobulin binders; aThy-23 and aThy-29. Fog-1 (a human yltx mAb) binders; aFOGl-A3, aFOGl-A4, aFOGl-H6 and aFOGl-G8. Human 
TNFa binders; aTNF-Al, aTNF-El, aTNF-E7 and aTNF-H9Gl. Human CEA binder; aCEA4-8A. Human MUC1-1 binder; aMUCl-1. Human 
rsCD4 binder; aCD4-74. 



chain 71,2 and 3 isotypes, but not to 74 or /i. By contrast, 
the fragments aFOGl-H6 and aFOGl-A3 did not bind to 
any of the other antibodies, including those of the same 
isotype as Fog-1, suggesting that they are directed to the 
variable domain of Fog-1. 



Two of the antibody fragments are directed against 
idiotopes of human mAb Fog-1 

The binding of 125 I-Fog-l antibody to human red blood 
cells bearing the Rh D antigen could be inhibited by both 
aFOGl-H6 and aFOGl-A3 scFv fragments. Hence, both 
aFOGl-H6 and aFOGl-A3 are site-associated anti-idiotype 
antibodies, complexing with the antigen-binding site of 
Fog-1 . The extent of inhibition of 125 I-Fog-l binding to the 
Rh D antigen (on human RiR 2 red blood cells) was 
determined by titration with affinity purified aFOGl-H6 and 
aFOGl-A3 scFv fragments. [As control, no inhibition of 
125 I-Fog-l binding was observed using a scFv fragment 
(aTEL9) (Marks et aL, 1991) directed against turkey egg- 
white lysozynie.] With the maximum of 16 /ig scFv 
(1000-fold molar excess to ,25 I-Fog-l), the binding was 
inhibited by 14.2% (aFOGl-H6) and 20.9% (aFOGl-A3), 
suggesting that the affinities of these fragments for Fog-1 
are much lower than the affinity of Fog-1 for the Rh D 
antigen (AT a = 2.2X10 9 M" 1 ) which binds monovalently 
(Gorick et ai, 1988). If 100% of the fragments are active, 
the affinities of the two fragments for binding to Fog-1 could 
be estimated as AT a = 3 x10 s M" 1 for aFOGl-H6 and 
6X10 5 M -1 for aFOGl-A3 and this is consistent with 
other kinetic measurements (see below and Table IV). 



The scFv fragments can form both monomers and 
dimers in solution 

Soluble antibody fragments were purified from bacterial 
supernatants by affinity chromatography, by binding of the 
C-terminal peptide tag to the mAb 9E10 (Munro and Pelham, 
1986; Clackson etal., 1991; Marks etal, 1991). After 
ultrafiltration, the fragments were further purified by FPLC 
gel filtration (Pharmacia) on Superdex 75 (Pharmacia), and 
detected on-line both by UV absorption (280 nm) and by 
binding to antigen immobilized on a sensor chip in BIAcore 
(Pharmacia Biosensor AB) (Jonsson et al. y 1991; Jonsson 
and Malmqvist, 1992). This showed that the scFv fragments 
emerged in two peaks, corresponding in size to monomers 
and dimers (Figure 4). The dimers bind more strongly to 
the immobilized antigen than monomers due to their greater 
avidity of binding. The scFv dimers run as monomers on 
non-reducing SDS gels (Laemmli, 1970) (not shown) and 
are therefore not linked by disulphide bonds. As two peaks 
are seen in gel filtration, it appears that in this case the 
monomers and dimers do not interconvert rapidly (for 
discussion and references for gel filtration equilibria see 
Jones etal. t 1985). Presumably the dimers are scFv 
fragments interlocked through the flexible linker joining the 
heavy and light chains, or with the heavy chain of one scFv 
molecule associated with the light chain of the other. We 
have preliminary evidence that antibody Fab fragments made 
in bacteria can also multimerize (unpublished data). 

The scFv fragments have micromolar affinities 

The presence of both scFv monomers and dimers could lead 

to an overestimate of affinity of binding using solid phase 
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Table III. V-gene family, germline derivation and extent of somatic hypermutation of several antigen-specific scFv fragments isolated from the 
unimmunized library 

scFv Family Germline genes of closest nucleotide sequence Differences from germline 

Nucleotide Aminoacid 



Heavy diains 

aThy-23 

aThy-29 

ofThy-32 

aThy-33 

aFOGl-A3 
aFOGl-A4 
c*FOGl-H6 
aFOGl-G8» 



VH3 
VH1 
VH3 
VH3 

VH3 
VH3 
VH3 
VH4 
VH5 



DP-47 
DP-14 
DP-31 
DP-49 

DP-54 
DP-46 
DP-51 

DP-63 (FR1) 

DP-73 (CDR1 to FR3) 



13 
0 
5 

32 

7 
7 

10 
2 

15 



8 
0 
2 
19 

3 
7 
4 
0 

7 



aTNF-Al 
aTNF-El 
aTNF-E7 
aTNF-H9Gl 



VH3 
VH3 
VH1 
VH1 



DP-50 
DP^6 
DP-10 
DP^t 



9 
14 
0 
1 



aCEA4-8A 
aMUCl-l a 

aCD4-74 



VH1 
VH1 
VH1 
VH5 



DP14 

VI-2 (FR1 to CDR2) 
DP-25 (FR3) 
DP-73 



1 

2 
0 
13 



Light chains 

aThy-23 

aThy-29 

aThy-32 

aThy-33 a 



Vxl 
VX3 
VX1 
Vxl 
Vx4 



L8 

IGLV3S1 
IGLV1S2 

L12 (FR1 and CDR1) 
B3 (FR2 to FR3) 



20 
0 
1 
6 

5 



aFOGl-A3 
aFOGl-A4 
aFOGl-H6 
aFOGl-G8 



VX2 
Vxl 
Vxl 
Vxl 



VL2.1 
04 
L5 
L8 



16 
25 
36 
25 



9 
12 
17 
10 



aTNF-Al 
aTNF-El 
«TNF-E7 
aTNF-H9G 1 



Vxl 
Vxl 
Vxl 
VX1 



Lll 

L5 

Lll 

IGLV1S2 



12 
5 
17 
18 



aCEA4-8A 

aMUCI-1 

aCD4-74 



Vxl 
VX2 
VX1 



02 

VL2.1 
HumlvlLl 



4 
18 

23 



0 
12 
17 



References for all the heavy chain germline genes can be found in Tomlinson et al (1992). The references for the light chains are VL2. 1 (Brockly et al , 
1989); IGLV 1S2 (Bernard et al , 1990); IGLV3S1 (Frippiat et al , 1990); L8(Vd) and L5(Vb)(Pech etai , 1984); L12(HK 102) (Bentley and Rabbits, 1980); 
B3(VKJV) (Klobeck et al. , 1985); 02 and 04 (Pargent et ai , 1991); Lll (Scott et al. ,1991); HumlvlLl (Daley et al. , 1992). Alternative names are given 
in parenthesis, a) These genes appear to have been created by cross-overs between two V-genes during PCR amplification and therefore matches have 
been determined using the two putative germline segments: FR, framework; CDR, complementarity-determining region. 



methods. To determine the affinity and kinetics of binding 
of scFv fragments to the antigen-coated chip using surface 
plasmon resonance, we therefore purified the fragments by 
gel filtration (Table IV). For the dimers, the off-rate 
constants were determined as ~ 10 -2 s" 1 and the on-rate 
constants for the scFv dimers as ~ 10 5 — 10 6 M~ l s~ ! 
(assuming the sample is completely active). In the case of 
aFOGl-H6, the antigen (the mAb Fog-1) was immobilized 
on the sensor chip in two ways, either directly (Figure 5) 
or via a rabbit anti-mouse IgGl antibody. The results were 
almost identical by either method (see Table IV). However 
the active fraction of scFv fragments varies considerably and 
could lead to an underestimate of the on-rate (and affinity 
of binding); for example using fluorescence quench titration 
with several scFv fragments directed against phenyl- 



oxazolone we detected only 0.06-0.38 functional binding 
sites per scFv molecule (unpublished data). Indeed the 
on-rate constants calculated for the association of the 
aFOGl-H6 fragment and Fog-1 antibody depend on whether 
the antibody (k on 2.2 x 10 5 M _I s" 1 ) or scFv fragment (k m 
l.OxlO 6 M" 1 s _1 ) is immobilized on the sensor chip 
(Table IV), indicating that the aFOGl-H6 fragment is less 
active than the Fog-1 antibody. For the scFv monomers, the 
binding signals were low and it was difficult to follow the 
kinetics of binding to the surface, except for the dissociation 
of the aThy-29 monomer (fc off = 2x 10" 2 s" 1 ). However, 
the 4-fold stabilization of the aThy-29 fragment dimer (see 
below), suggests that the off-rate constants of the other 
monomers are > 10" 2 s" 1 , perhaps 10 _1 s" 1 . 
The greater stability of the scFv dimers on the sensor chip 
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aFOGl-A4 

5.00-| 




1 23456789 10 11 



Antigen 



aFOGl-A3 

0.50 — i 




123456789 10 11 
Antigen 

Fig. 3. ELISA to assay the binding of three scFvs, isolated by selection 
on a human monoclonal antibody Fog-1 GgGl, x) (Melamed et al, 1987), 
to a panel of human antibodies of varying isotype: 1, Fog-1 ; 2, the Fv frag- 
ment of Hulysll (Foote and Winter, 1992); 3, Hulysll antibody (IgGl, 
x); 4, RegA (IgGl, x) (Melamed et ai, 1987); 5, FogC (IgG3, x) 
(N.C.Hughes-Jones, unpublished); 6, Pagl (IgGl, X) (Thompson et at,, 
1986); 7, lgG2, X antibody purified from myeloma plasma (Sigma); 8, Oak3, 
(lgG3, X) (Bye etal, 1992); 9, IgG4, X purified from myeloma plasma 
(Sigma); 10, Foml (IgM, X) (Melamed et al, 1987); 11, FomA (IgM, X) 
(Melamed et al, 1987). 



compared with monomers indicates that the dimers are 
bivalent. The scFv dimers are therefore analogous to the two 
heads of the antibody IgG, but with different spacing between 
the heads, and their binding avidities were estimated as 
~ 10 7 M" 1 from Jfc on /* off (Table IV). The affinities of the 
monomers must be lower by virtue of their faster dissociation 
from the surface. For the aThy-29 monomer, and assuming 
that the on-rate constant is the same as for the dimer (Mason 
and Williams, 1986), we can estimate an affinity of 
-3X10 6 M" 1 . These affinities, calculated from the rate 
constants measured by surface plasmon resonance, appear 
to be similar to those measured in solution by fluorescence 
quench techniques. For example the affinity of binding of 
the monomer scFv fragment «TEL9 (Marks et at, 1991), 
which binds to turkey lysozyme (and was derived from the 
same library), was estimated as 3.9 x 10 7 M" 1 using surface 
plasmon resonance (Table IV), and as I.2X10 7 M~* by 
fluorescence quench (Marks ex aL> 1991). 

Discussion 

We had demonstrated previously that highly specific human 
antibody fragments (scFv), directed against 'foreign* 
antigens, both protein and hapten, could be isolated from 
a large phage display library composed of the rearranged 
V-genes of peripheral blood lymphocytes from unimmunized 
donors (Marks etal, 1991). Here we have shown that 
antibody fragments directed against human antigens (self- 
antigens), including idiotopes of a human antibody, a 
cytokine (TNFa), two tumour markers (CEA and MUC1) 
and the T-lymphocyte marker CD4 can be derived from the 
same library. Immunological tolerance would make 
immunization of humans with these antigens difficult; TNFa 
is also extremely toxic and raising an immune response 
against CD4 would be an act of suicide by the immune 
system. The antibody fragments we have isolated show a 
high specificity of binding to antigen. This contrasts with 
the poor specificity of binding of fragments isolated from 
a phage display library in which mouse Fab fragments were 
fused to the major coat protein (pVIII) of filamentous phage 
(Gram et aL, 1992). The use of different V-genes and heavy 
and light chain combinations for each antigen suggested that 
each fragment was likely to bind to different epitopes and 
this was shown directly for the fragments against 
thyroglobulin and the human mAb Fog-1. 

The affinity of antibodies isolated from a library is thought 
to be proportional to the library size (Perelson and Oster, 
1979) and in this case the size of the phage library is 
comparable to the number of B-cells in a mouse, and the 
affinities of antibodies isolated are typical of antibodies from 
the mouse primary immune response (Foote and Milstein, 
1991). The kinetics of association of the antibody fragments 
to the protein self-antigens (10 5 -10 6 M" 1 s~ l ) are also 
typical of previously characterized Ab-protein interactions. 
However the kinetics of dissociation (10~ 2 s" 1 ) are 
relatively fast for Ab- protein interactions (but both rates 
are slow compared with many Ab— hapten interactions) 
(Smith and Skubitz, 1975; Pecht, 1982; Mason and 
Williams, 1986; Foote and Milstein, 1991; Foote and 
Winter, 1992). At first sight, it is surprising that we can 
isolate scFv fragments with such fast off-rates, as a 
*monomeric' phage should not be retained on the solid 
support during washing. However, scFv fragments are 
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Table IV. Affinities and kinetics of antigen binding by monomelic and dimeric scFv fragments 


scFv (M/D) a Immobilized species Jt on b (BIAcore) A of{ J>(BIAcorej 

M-'s-VlO 4 s-J/10-2 


^on^off 

(BIAcore) 
M-V106 


K z by FQ C or 

inhibition 41 

M _l /10 6 



aTNF-E7 


D 


HumanTNFa 


9.0 (±1.2) 


1.4 (±0.054) 


6.4 


ND 


aFOGl-H6 


D 


Fog-1 (direct) 


22.2 (±0.4) 


1.8 (±0.23) 


12.3 


ND 


aFOGl-H6 


D 


Fog-1 (via RAMIgGl) 


22.1 (±1.9) 


2.4 (±0.045) 


9.3 


ND 


aFOGl-H6 


D 


aFOGl-H6 scFv 


104 (±2.4) 


ND* 


ND 


ND 


aFOGl-H6 


M + D 


(Measured by inhibition) 


ND 


ND 


ND 


0.3^ 


aFOGl-A3 


M + D 


(Measured by inhibition) 


ND 


ND 


ND 


0.6<* 


aThy-29 


D 


Human thyroglobulin 


6.6 (±1.2) 


0.46 (±0.063) 


14.3 


ND 


aThy-29 


M 


Human thyroglobulin 


ND 


2.0 (±0.37) 


ND 


ND 


aTEL9 


M 


Turkey egg lysozyme 


39.2 (±2.6) 


, 1.0 (±0.97) 


39.2 


11.6' 



a M, monomeric fraction; D, dimeric fraction. 
b Numbers in brackets are standard deviations. 
c FQ, fluorescence quench titration. 

d Calculated from the extent of inhibition of ,25 I-Fog-l binding to the Rh D antigen. 
c Not determined because the dissociation curves were very badly bent. 
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Fig. 4. Gel filtration of affinity purified soluble scFv aThy-29 on Superdex 75 analysed by UV absorption and on-line specific detection of the active compo- 
nent on BIAcore. A. BIAcore sensorgram [resonance signal (RU) as a function of time] showing adsorption of scFv in the column effluent passing over 
a sensor chip with immobilized human thyroglobulin (thick line) and the same sample run over a bare CMS sensor chip surface without any antigen (thin 
line). B. UV profile of the gel filtration (lower line) and the derivatized sensorgram (upper line) which illustrates the rate of change in mass of protein 
bound to the sensor chip as a function of time. M, scFv monomer; D, scFv dimer. 



displayed multivalently on the phage, especially using the 
M13AgIIl helper phage, and some of the scFvs that tend 
to form dimers in solution may also form dimers on phage. 
The multivalent interactions with antigen help retain the 
phage, allowing the encoded scFv phage to be isolated. 

Random combinatorial V-gene repertoires derived from 
the mRNA of immunized animals are enriched for heavy 
or light chain V-genes encoding part of an antigen binding 



site (Winter and Milstein, 1991; Hawkins and Winter, 1992), 
and this facilitates the isolation of antigen-binding fragments 
(Clackson etai, 1991; Persson et al 9 1991) although the 
combinations of V-genes of each B-lymphocyte appear to 
be largely destroyed (Winter and Milstein, 1991; Gherardi 
and Milstein, 1992). Antigen binding sites can also be 
generated de novo by the random combination of chains, 
as illustrated by the isolation of scFv fragments against 
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Time (s) 

Fig. 5. BIAcore sensorgram [resonance signal (RU) as a function of time] 
of the interaction of soluble aFOGl-H6 scFv dimer with immobilized mAb 
Fog-1 (Melamed et at, 1987). A 35 pi pulse of 200 nM (thin line) or 80 
nM (thick line) scFv protein was passed, with a flow rate of 10 /il/min over 
a sensor chip to which mAb Fog-1 was coupled directly. 

foreign antigens from unimmunized human donors (Marks 
et al y 1991). However, the origins of the V-genes of scFv 
fragments directed against self-antigens are less clear. Self- 
reactive antibodies, including those with specificities against 
human thyroglobulin (Ruf et a/., 1985), human TNFa 
(Bendtzen et al, 1990) and human IgG (Welch et al, 1983), 
are common in healthy individuals and indeed 10— 30% of 
B-lymphocytes appear to be engaged in making 
autoantibodies (Cohen and Cooke, 1986). Therefore the V- 
genes could be derived from B-cells that are autoreactive, 
or those that are not. Since somatic hypermutation of 
antibody genes is triggered only after antigen-induced B-cell 
proliferation (Griffiths et al, 1984), the isolation of scFv 
fragments encoded by somatically mutated V-genes 
(Table IH) indicates that the V-genes have been derived from 
lymphocytes that have been stimulated by antigen; for 
example from B-cells with self-specificities that have been 
stimulated with cross-reactive foreign antigen, or from B- 
cells encoding antibodies of other (foreign) specificities. 
Conversely those scFv fragments encoded by V-genes with 
little or no somatic mutation (see Table III) may well have 
been derived from virgin B-cells or those involved in early 
immune responses. 

'Natural autoantibodies' (self-reactive antibodies isolated 
from healthy donors) tend to be of low affinity and 
polyspecific and may well be produced by a discrete subset 
of B-cells, the internal activity set (Holmberg and Coutinho, 
1985), contributed in part by CD5+ B-cells (Casali and 
Notkins, 1989). In contrast, these anti-self scFv fragments 
are highly specific in binding to antigen despite only having 
micromolar affinities. However, their affinities could 
presumably be improved in vitro, for example, the affinity 
of an scFv fragment for the hapten phenyloxazolone derived 
from the phage library (and like the anti-self antibodies 
described here with a relatively fast off-rate) was improved 
from A: a = 3.1X10 6 M~ l to 9.1x10 s M -1 by chain 
shuffling (Marks etal, 1992b). This would allow the 
creation of highly specific, high affinity human antibodies 
directed against self-antigens for use in human therapy. 

Materials and methods 

Selection of phage library 

The construction and selection of the library of phages displaying scFv 
fragments lias been described previously by Marks et at (1991) and as briefly 
summarized in the Introduction. The library used in this work contained 



2.9 X10 7 clones and the VH genes were amplified from cDNA primed with 
an IgM-specific constant region primer. 

To rescue the library ^50 ml of 2xTY broth (Miller, 1972) containing 
100 fig ampicUlin/ml, 1% glucose (2xTY-AMP-GLU) were inoculated with 
10 9 E.coli TGI ; (Gibson, 1984) of the library stock ( ~ 10 /d) and grown, 
shaking at 37°C until the culture reached an OD nm °f 0.5. 5 ml of 
this culture (-2.5X10 9 cells) were added to 50 mi 2XTY-AMP-GLU 
(pre-warmed to 37°C) containing 5 xl0'° p.f.u. VCS-M13 helper phage 
(Stratagene) or 5 x10 s pro M13AgIII helper phage (unpublished data). 
M13Agm helper phage does not encode pffl hence the phage(mid) displaying 
antibody fragments have a greater avidity of binding to antigen. Infectious 
MBAglll particles were made by growing the helper phage in cells 
harbouring a pUC19 derivative supplying the wild-type gill protein during 
phage morphogenesis. The culture was incubated for 1 h at 37°C without 
shaking and then a further 1 h at 37°C with shaking. Cells were spun down 
(IEC-Centra 8, 4000 r.p.m. for 10 min), resuspended in 300 ml 2xTY 
broth containing 100 /xg/ml ampicillin and 25 /ig/ml kanamycin (2 xTY- 
AMP-KAN) and grown overnight shaking at 37°C (or 25°C for phage 
selected with rsCD4). Phage particles were purified and concentrated from 
the culture medium by two PEG precipitations (Sambrook et at, 1990), 
resuspended in 2 ml PBS and passed through a 0.45 j*M filter (Minisart 
NML; Sartorius) to give a final concentration of ~ 10* 3 transducing 
units/ml (ampicillin-resistant clones). 

The phage were panned for binding using immuno tubes (Nunc; Maxisorp) 
coated with antigen essentially as Marks et at (1991), or were selected on 
a column of antigen (McCafferty et at, 1990). Six antigens were used: 
a human mAb Fog-1 (y\, x) (Melamed et at, 1987); recombinant human 
tumour necrosis factor-a (TNFa) (expressed in yeast); bovine thyroglobulin 
(Sigma); human recombinant soluble CD4 (rsCD4) (expressed in baculovirus 
by American Biotechnologies Inc. and supplied by the MRC AIDS Reagent 
Project [ ADP608]); human carcinoembryonic antigen (CEA); and a 20 amino 
acid peptide (Price et at, 1990), which corresponds to a repeated motif 
in human MUC1 mucin (tumour-associated polymorphic epithelial mucin 
or PEM) (Gendler et at y 1988; Gum et at, 1990). All antigens, except 
the MUC1 peptide, were coated on immuno tubes overnight at room 
temperature. 10 /ig/ml TNFa was coated in 50 mM NaHC0 3 (pH 9.6), 
whilst the other antigens were coated in PBS at a concentration of 10 /ig/ml 
Fogl and rsCD4, 1 mg/ml bovine thyroglobulin or 20 /ig/ml CEA. For 
the first two rounds of selection tubes were washed 10 times with PBS, 
0. 1 % (v/v) Tween 20 and 10 times with PBS. For subsequent rounds of 
selection tubes were washed 20 times with PBS, 0. 1 % (v/v) Tween 20 and 
20 times with PBS. Phage were eluted with 100 mM triethylamine as Marks 
et at. (1991). Eluted phage (usually 10M0 7 transducing units) were used 
to infect E.coli TGI cells. Approximately 10 9 infected bacteria were used 
as an inoculum for the next rescue. The library was subjected to 3 - 5 rounds 
of rescue and selection for each antigen. 

For selection of phage binding to the MUCl peptide, the peptide was 
coupled chemically to Sepharose 4B (provided by M.R. Price). A 1 ml 
column was prepared and phage was selected as described by McCafferty 
et at (1990). Briefly, the Sepharose- MUCl column was washed with PBS 
containing 2% skimmed milk powder (MPBS) and the phage loaded in 1ml 
of the same buffer. After washing the column successively with 10 ml 
volumes of MPBS, PBS (pH 7.2), 50 mM Tris-HCl-500 mM NaCl (pH 
8.0) and 50 mM Tris-HCl-500 mM NaCl (pH 9.0), phage was eluted 
with 5 ml 100 mM triethylamine and neutralized with 0.5 M sodium 
phosphate buffer (pH 6.8). Five rounds of selection were carried out. 

Screening and sequencing of clones 

Single ampicillin resistant colonies from infection of E.coli TGI with eluted 
phage, were screened either for binding of phage (Clackson et at, 1991) 
or soluble scFv fragments (Marks et at, 1991). Since the gene encoding 
the antibody fragment is linked to that encoding the phage coat protein by 
an amber codon, soluble fragments can be secreted from a non-suppressor 
strain of bacteria infected by the phage (Hoogenboom et at, 1991). The 
binding to antigen of soluble scFvs in bacterial supernatant was delected 
with the mouse mAb 9E10 (1 jtg/ml), which recognizes the C-terminal 
peptide tag (Munro and Pelham, 1986) and peroxidase-conjugated anti-mouse 
Fc antibody (Sigma), as described by Ward et at (1989). Plates were coated 
with the antigens Fogl , TNFa, bovine thyroglobulin and rsCD4 as described 
for immuno robes above and with CEA at 5 mg/ml. A urine extract 
containing human polymorphic epithelial mucin (PEM) was used at a protein 
concentration of ~ 10 mg/ml. 

The specificity of the isolated clones was checked by EMS A of the soluble 
scFv fragments using plates coated with various proteins. Plates were coated 
with the antigens Fog-1, TNFa, bovine thyroglobulin, rsCD4, CEA and 
PEM as described above. Other proteins were coated overnight at room 
temperature at a concentration of 1 mg/ml in PBS (cytochrome c [Sigma)) 
or in 50 mM NaHC0 3 (pH 9.6) and bovine serum albumin, turkey egg- 
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white lysozyme, hen egg-white lysozyme, hen ovalbumin, keyhole limpet 
haemocyanin (CalBiochem), chymotrypsinogen A, chicken egg-white trypsin 
inhibitor (Sigma) and chicken 7 globulin coupled to 4-hydroxy-3-mtropheny 
acetic acid. The Fog-1 specific clones were screened by binding to a panel 
of different human antibodies (see legend to Figure 3). The antibodies were 
coated overnight at room temperature in PBS at a concentration of 10 jig/ml. 

Clones found to give a positive EL1SA signal were screened by PCR 
(Gussow and Clackson, 1989) and 'fingerprinted* with the restriction enzyme 
ifc/NI (Clackson et al, 1991) as in Marks et al (1991) to identify different 
clones. Examples of clones with different restriction patterns were selected 
and the heavy and light chains sequenced (Sanger et al, 1977) using a 
Sequenase kit (USB) or using a Taq DyeDeoxy Terminator ^ Cycle 
Sequencing kit (Applied Biosystems) and an Applied Biosystems 373A DNA 

sequencer. t 

Sequenced clones were further analysed using the program MacVector 
3 5 (IBI Kodak, New Haven, CT). The VH genes were compared with 
the 83 germline gene segments present in the VH directory compiled by 
Tomlinson et al (1992). VL genes were compared with 34 published kappa 
eermline gene segments (Bentley and Rabbits, 1980, 1983; Jaenichen et al, 
1984- Pech et al, 1984, 1985; Pech and Zachau, 1984; Klobeck et a/.. 
1985a,b; Stavnezer et al, 1985; Chen et al, 1986, 1987a,b; Lorenz et al 
1988; Straubinger et al, 1988a,b; Scott et al., 1989, 1991; Pargenttf al, 
1991- Lautner et al, 1992) and 13 published lambda gene segments 
(Anderson et al, 1984; Alexandre et al, 1989; Brockly et al 1989; 
Siminovitch et al, 1989; Bernard et al, 1990; Frippiat et al , 990; 
Combriato and Klobeck, 1991; Marks et al, 1991; Daley et al, 1992; 
Winkler et al, 1992). Regions of the V-genes encoded by PCR primers 
were not included in the analysis. 

Characterization of selected scFv fragments 

The following clones were chosen for large scale purification and further 
cluracterizauon: aFOGl-H6, aFOGl-A3, aTNF-E7 and aThy-29. Colonics 
of the non-suppressor E.coli strain HB2151 harbouring the appropriate 
phagemid were used to inoculate 2 I of 2xTY containing 100 ^g/ml 
ampicillin and 0.1% glucose. The cultures were grown and induced (De 
Bellis and Schwartz, 1990) and the tagged scFv fragments purified using 
the mAb 9E10 as in Clackson et al (1991). 

The inhibition of » 25 I-Fog-l binding to human Rh D antigen by the 
affinity purified scFv fragments «FOGl-H6 and aFOGl-A3 was essentially 
as performed earlier (Gorick et al, 1988) with the following modifications^ 

0 0148 /ig of ,25 l-FOGl was pre-incubated with varying amounts of 
purified «FOGl-H6 or aFOGl-A3 scFv fragments (0- 16 pg) at 37°C for 

1 5 h before adding 0.5 pi of RiR 2 cells (or rr cells as control). The 
mixture was then incubated for a further 1 .5 h at 37°C with constant mixing 
and finally cells separated from the supernatant. As a control, a titration 
was also performed with a purified scFv fragment directed against turkey 
egg white lysozyme (aTEL9) (Marks et al, 1991). 

Kinetic measurements were made using surface plasmon resonance 
(BlAcore, Pharmacia Biosensor AB) (Jonsson et al, 1991; Jonsson and 
Malmqvist, 1992). In order to separate monomelic and mulumenc species, 
the purified scFv fragments were concentrated by ultrafiltration and then 
fractionated on a calibrated Superdex 75 FPLC column (Pharmacia) in PBS, 
0.2 mM EDTA. Gel filtration was monitored both by the absorbance at 
280 nm and on-line to BlAcore with immobilized antigen on the sensor 
chip (Johnsson et al, 1991). . 

Kinetic experiments were performed in two different configurauons. First, 
to analyse the binding of soluble scFv, the different antigens were covalently 
immobilized on the sensor chip (in the case of mAb Fog-1, the antibody 
was also immobilized via a mouse anti-human kappa light chain mAb using 
a sensor chip coated with rabbit anti-mouse lgGl). Secondly, to analyse 
the binding of the soluble mAb FOG-l, the aFOGl-H6 scFv was 
immobilized on the chip surface. 

The antigens were coupled to the CM5 sensor chip through their amine 
groups using the Amine Coupling Kit (Pharmacia Biosensor AB) (Johnsson 
et al 1991) The antigens were diluted in 10 mM acetate buffer (pH 5.0) 
to Mg/ml and 3805 resonance units (RU) of TNF, 6249 RU of human 
ihyroglobulin and 5279 RU of FOG1 were immobilized. For the biospecific 
presentation of Fog-1, affinity purified rabbit anti-mouse IgG 1 (Pharmacia 
Biosensor AB) was coupled to the surface followed by a mouse mAb anti- 
human kappa (2300 RU) and then Fog-1 (2050 RU). As binding of the 
rabbit ami-mouse IgGl to the mouse mAb was reversible by 10 mM HC1 
the complex was rebuilt for each analytical cycle. ScFv anti-Fog- 1 was 
coupled to the CM5 surface to 1538 RU. All determinations were performed 
at 25°C in PBS, 0.2 mM EDTA, 0.05% BlAcore surfactant P20 with a 
constant How rate of 10 jd/min and an injected vol sample of 35 pi. It was 
not necessary to regenerate the antigen as the scFv fragments rapidly 
dissociate, with the exception of the biospecific presentation ot antigen via 
rabbit anti-mouse IgGl which was regenerated with 10 mM HC1 for 3 mm. 



Analyses of scFv monomer were performed in the concentration range 
100 -500 nM and dimers in the range 40-200 nM except for the 
biospecifically presented Fog-1 where the concentration of dimenc scFv 
was 0 25-1 26 pM. Fog-1 was analysed on the *FOGl-H6 scFv surface 
in the concentration range 10-200 nM. All concentrations were calculated 
from U V. absorption at 280 nm [assuming that 0.7 mg/ml scFv gives an 
A = x (Mac h et al, 1992) and that M r of a scFv monomer is 30 kDa 
and of a dimer is 60 kDa). No correction was made for the fraction of active 
protein, and therefore the on-rates are an underestimate. The kinetic 
evaluation of data was performed according to Karlsson et al (1991) 1 and 
evaluated on the program Origin 1.1 (Microcal inc., Northampton, MA, 
USA). 
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A novel bacteriophage lambda vector system was used to 
■express in Escherichia coli a combinatorial library of Fab 
fragments of the mouse antibody repertoire. The system 
allows rapid and easy identification of monoclonal Fab 
fragments in a form suitable for genetic manipulation. It 
was possible to generate, in 2 weeks, large numbers of 
monoclonal Fab fragments against a transition state ana- 
log hapten. The methods described may supersede pre- 
sent-day hybridoma technology and facilitate the produc- 
tion of catalytic and other antibodies. 



MONOCLONAL ANTIBODIES HAVE BEEN GENERATED THAT 
catalyze chemical transformations ranging from simple 
acyl transfer reactions to the energetically demanding 
hydrolysis of the peptide bond in the presence of metal cofactors (1, 
2-11). Initially, it was widely held that antibodies would be most 
useful for catalysis where their predominant role was to overcome 



W. D. Husc, L. Sastry, S. A. Iverson, and R. A, Lerner arc with the Departments of 
Molecular Biology and Chemistry, Research Institute of Scripps Clinic, La Jolla, CA 
92037. D. R. Burton and A. S. Kang arc at the Departments of Molecular Biologv and 
Chemistry, Research Institute of Scripps Clinic, La Jolla, CA 92037 and at the Krcbs 
Institute, Department of Molecular Biology and Biotechnology, The University, 
Sheffield, United Kingdom. M. Alting-Mccs is at Stratagcnc Inc., La Jolla, CA 92037. 
S. J. Benkovic is at the Department of Chemistry, Pennsylvania State University, 
University Park, PA 16802 and at the Departments of Molecular Biology and 
Chemistry, Research Institute of Scripps Clinic, La Jolla, CA 92037 



entropic barriers that occur along the reaction pathway. The basis of 
this hypothesis was that the chance occurrence of amino acid side 
chains capable of acid base catalysis in proximity to the reaction 
center was unlikely. However, for some reactions, study of the pH 
rate profile has revealed the participation of monobasic residues. 
Odier studies have focused on placing appropriate charges on the 
antigen to induce specific binding interactions by complementary 
charged amino acid side chains on the antibody (9, 12 y 13). Such 
fiinctionalities might participate as a general acid, base, or nucleo- 
phile in the reaction under study. 

Apart from the validity of the design of the mechanism based 
antigen, the probability of finding antibodies where particular 
amino acid side chains participate in catalysis also depends on the 
number of different antibodies assayed. Because current methods of 
generating monoclonal antibodies do not provide for an adequate 
survey of the available repertoire, we have been devising methods to 
clone the antibody repertoire in Escherichia coli and have described 
the preparation of a highly diverse immunoglobulin gene library 
(14). Given the difficulty of expressing both heavy and light chains 
together, we initially considered the construction and expression of 
libraries restricted to fragments of die variable region of the 
immunoglobulin (Ig) heavy chain V H (14). In fact, a recent report 
describes the construction of a plasmid expression library in E. coli in 
which V H fragments with affinity for keyhole limpet hemocyanin 
(KLH) and lysozyme have been isolated (15). However, the use of 
isolated Vh fragments as antibody mimics may be limited because 
(i) the available crystal structures of antibody-antigen complexes 
show considerable contact between antigen and V L (light chain 
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variable) domain as well as V H (16). More explicitly, in the case of a 
series of antibodies to dextran, the V L domain provides contacts 
critical to antigen binding (17). Thus, it is unlikely that the affinity 
of isolated V H fragments will generally match that of intact antibod- 
ies, (ii) The absence of the V L domain leaves a large hydrophobic 
patch on one face of the V H fragment, which will almost certainly 
lead to increased nonspecificity relative to whole antibodies {15). In 
contrast, Fab fragments (antigen binding) have been studied for 
more than 30 years. They behave as whole antibodies in terms of 
antigen recognition, and their affinity and specificity arc well 
defined. Furthermore, for Fab, the combinatorial properties of 
heavy and light chains serve as an important source of diversity. 

In that individual Fab molecules can be expressed and assembled 
in E. co\i (18), the route to mimicking the diversity of the antibody 
system in vitro should lie in solving the problem of expressing the 
repertoires of heavy and light chains in combination. Accordingly, 
we used a novel system to enable the construction of bacteriophage 
lambda (X) libraries expressing a population of functional antibody 
fragments (Fab's) with a potential diversity equal to or exceeding 
that of the parent animal. 

Criteria for vector construction. To obtain a vector system for 
generating the largest number of Fab fragments that could be 



/ 

screened directly, we constructed the expression libraries in bacteri- 
ophage X for the following reasons. First, in vitro packaging of 
phage DNA is the most efficient method of reintroducing DNA into 
host cells. Second, it is possible to detect protein expression at the 
level of single-phage plaques. Finally, in our experience, screens of 
phage libraries diminish the usual difficulties with nonspecific 
binding. The alternative, plasmid cloning vectors are only advanta- 
geous in the analysis of clones after they have been identified. This 
advantage is not lost in our system because we use Xzap II and arc 
able to excise a plasmid (19) containing the heavy chain, light chain, 
or Fab expressing inserts. 

The vectors for expression of V H > V L , Fv (fragment of the 
variable region), and Fab sequences are diagrammed in Figs. 1 and 
2. They were constructed by a modification of Xzap II (19) in which 
we inserted synthetic oligonucleotides into the multiple cloning site. 
The vectors were designed to be antisymmetric with respect to the 
Not I and Eco RI restriction sites that flank the cloning and 
expression sequences. This antisymmetry in the placement of restric- 
tion sites in a linear vector such as bacteriophage allows a library 
expressing light chains to be combined with one expressing heavy 
chains in order to construct combinatorial Fab expression libraries. 
The vector XLcl is designed to serve as a cloning vector for light 
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Rg. 1. Combinatorial bacteriophage X vector system for expression of Fab 
antibody fragments. The XLcl vector was constructed for the cloning of 
PGR amplified products of mRNA that code for light chain protein by 
inserting the nucleotide sequence shown depicted in Fig. 2A into the Sac I 
and Xho I sites of Kzap II. The sequence was constructed from overlapping 
synthetic oligonucleotides varying in length from 25 to 50 nucleotides. The 
XHc2 vector was constructed for cloning PCR amplified products coding for 
heavy chain Fd sequences by inserting the nucleotide Sequence (Fig. 2B) into 



the Not I and Xho I sites of Xzap II. As with the light chain vector, the 
inserted sequence was constructed from overlapping synthetic oligonucleo- 
tides. The combinatorial constructs that can express Fab fragments arc 
generated by cutting DNA isolated from light and heavy chain libraries at the 
antisymmetric Eco RI site of each vector, followed by rc-ligation of the 
resulting arms. This generates constructs having random combination of 
light and heavy chains which can be expressed, upon induction with I1TG, 
from a dicistronic mRNA from the lac Z promoter. 
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chain fragments, and XHc2 is designed to serve as a cloning vector 
for heavy chain sequences in the initial step of library construction. 
These vectors are engineered to efficiently clone the products of 
PCR amplification with specific restriction sites incorporated at each 
end (14, IS). The sequence of the oligonucleotides used to construct 
these vectors include elements for construction, expression, and 
secretion of Fab fragments. These oligonucleotides introduce the 
antisymmetric Not I and Eco RI restriction sites; a leader peptide 
for the bacterial pel B gene, which has previously been successfully 
used in E. coli to secrete Fab fragments (18)\ a ribosome binding site 
at die optimal distance for expression of the cloned sequence; 
cloning sites for either the light or heavy chain PCR product; and, in 
XHc2, a decapeptide tag at the carboxyl terminus of the expressed 
heavy chain protein fragment. The sequence of the decapeptide tag 
was useful because of the availability of monoclonal antibodies to 
this peptide that were used for immunoaffinity purification of fusion 
proteins (20). The restriction endonuclease recognition sites includ- 
ed in the vectors were Sac I and Xba I in XLcl, and Xho I and Spe I 
in \Hc2. The vectors were characterized by restriction digest 
analysis and DNA sequencing. 

Choice of antigen and amplification of antibody fragments. 
We constructed the initial Fab expression library from mRNA 
isolated from a mouse that had been immunized with the KLH- 
coupled p-nitrophenyl phosphonamidate antigen 1 (NPN) (Fig. 3). 
This antigen was shown by Janda and co-workers (7) to be an 
effective one for the generation of catalytic antibodies. Also, the 
antibodies for the NPN reaction have been identified and therefore 
facilitate the implementation of assay systems.-Finally, successful 
generation of catalytic antibodies generally requires binding to 
relatively small organic haptens, and it was necessary to test the 
suitability of our system for such molecules. 

The PCR amplification of messenger RNA (mRNA) isolated 
from spleen cells or hybridomas with oligonucleotides that incorpo- 
rate restriction sites into the ends of the amplified product can be 
used to clone and express heavy chain sequences (14, 15). This work 
is now extended to include the amplification of the Fd (V H - C H 1) 

A 

EcoRI Ribosomt Binding Sitt 

Met lys Tyr 

5' TGAATTCTAAACTAGTCGCCAA6GAGACAGTCATAATGAAATA 
3' TCGAACTTAAGATTTGATCAGCGGTTCCTCTGTCAGTATTACTTTAT 

Pel B Leader 

Leu Leu Pro Thr Ala Ala Ala Gly Leu Leu Leu Leu Ala Ala Gin Pro 
CCTATTGCCTACGGCAGCCGCTGGATTGTTATTACTCGCTGCCCAAC 
GGATAACGGATGCCGTCGGCGACCTAACAATAATGAGCGACGGGTTG 



Xbal 



Notl 



Ncol Sad 

Ala Mel Ala Glu leu Stop Stop 

CAGCCATGGCCGAGCTCGTCAGTTCTAGAGTTAAGCGGCCG 3 
GTCGGTACCGGCTCGAGCAGTCAAGATCTCAATTCGCCGGCAGCT 5' 



B 



Notl 



XHc2 
Ribosome Binding Silo 



Met Lys Tyr Leu Leu 
GGCCGCAAATTCTATTTCAAGGAGACAGTCATAATGAAATACCTATT 
CGTTTAAGATAAAGTTCCTCTGTCAGTATTACTTTATGGATAA 

Ncol 

Pro Thr Ala Ala Ala Gly leu Leu Leu Leu Ala Ala Gin Pro Ala Met 
GCCTACGGCAGCCGCTGGATTGTTATTACTCGCTGCCCAACCAGCCA 
CGGATGCCGTCGGCGACCTAACAATAATGAGCGACGGGTTCCTCGGT 

Xtiol Xbal Spel 

Ata Gin Val Lyi leu leu Ghi Tyr Pro Tyr Asp 

TGGCCCAGGTGAAACTGCTCGAGATTTCTAGACTAGTTACCCGTACG 
ACCGGGTCCACTTTGACGAGCTCTAAAGATCTGATCAATGGGCATGC 

EcoRI 

Val Pro Asp Tyr Gly Ser Stop 
ACGTTCCGGACTACGGTTCTTAATAGAATTCG 
TGCAAGGCCTGATGCCAAGAATTATCTTAAGCAGCT 

Fig. 2. (A) The nucleotide sequence inserted into Xzap II to construct XLcl . 
(B) The nucleotide sequence inserted into Xzap II to construct XHc2. 
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Fig. 3. The transition state analog 1, which induces antibodies for hydrolyz- 
ing carboxamide substrate 2. Compound 1 containing a glutaryl spacer and 
an N-hydroxysuccinimidc-linker appendage is the form used to couple the 
hapten 1 to protein carriers KLH and BSA, while 3 is the inhibitor. The 
phosphonamidate functionality is a mimic of the stereoelectronic features of 
the transition state for hydrolysis of the amide bond. 

and k chain sequences (Fig. 4) from mouse spleen cells. The 
oligonucleotide primers used for these amplifications (Tables 1 and 
2) are analogous to those that have been successfully used for 
amplification of V H sequences (14), The set of 5' primers for heavy 
chain amplification was identical to those used to amplify V H , and 
those for light chain amplification were chosen similarly (14, 21). 
The 3' primers of heavy (IgGl) and light (k) chain sequences 
included the cysteines involved in disulfide bond formation between 
heavy and light chains. At this stage no primer was constructed to 
amplify light (\) chains since they constitute only a small fraction of 
murine antibodies (22). Restriction endonuclease recognition se- 
quences were incorporated into die primers to allow for the cloning 
of the amplified fragment into a X phage vector in a predetermined 
reading frame for expression. 

Library construction. We constructed a combinatorial library in 
two steps. In the first step, separate heavy and light chain libraries 
were constructed in XHc2 and XLcl, respectively (Fig. 1). In the 
second step, these two libraries were combined at the antisymmetric 
Eco RI sites present in each vector. This resulted in a library of 
clones each of which potentially coexpresses a heavy and a light 
chain. The actual combinations are random and do not necessarily 
reflect the combinations present in the B cell population in the 
parent animal. The XHc2 expression vector has been used to create a 
library of heavy chain sequences from DNA obtained by PCR 
amplification of mRNA isolated from the spleen of a 129 G [X + 
mouse previously immunized with NPN conjugated to KLH. This 
primary library contains 1.3 x 10 6 plaque-forming units (phi) and 
has been screened for the expression of the decapeptide tag to 
determine the percentage of clones expressing Fd sequences. The 
sequence for diis peptide is only in frame for expression after the 
genes for an Fd (or V H ) fragment have been cloned into the vector. 
At least 80 percent of the clones in the library express Fd fragments 
when assayed by immunodetection of the decapeptide tag. 

The light chain library was constructed in the same way as the 
heavy chain and shown to contain 2.5 x 10* members. Plaque- 
screening, with an antibody to k chain, indicated that 60 percent of 
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Table 2. Primers used for amplification of k light chain sequences for 
construction of Fab's. Amplification was performed in five separate reac- 
tions, each containing one of the 5' primers (primers 3 to 7) and one of the 
3' primers (primer 9). The remaining 3' primer (primer 8) has been used to 
construct Fv fragments. The underlined portion of the 5' primers incorpo- 
rate a Sac I restriction site and diat of the 3' primers an Xba I restriction site. 



-700 bp 



Fig. 4. PCR amplification of Fd and k regions from the spleen mRNA of a 
mouse immunized with NPN. Amplification was performed as described 
(14) with RNA-cDNA hybrids obtained by the reverse transcription of the 
mRNA with primer specific for amplification of heavy chain sequences (12, 
Table 1) or light chain sequences (9, Table 2). Lanes Fl to F8 represent the 
product of heavy chain amplification reactions with one of each of the eight 
5' primers (primers 2 to 9, Table 1) and the 3' primer (primer 12, Table 1). 
Light chain (k) amplifications with the 5' primers (primers 3 to 7, Table 2) 
and the appropriate 3' primer (9, Table 2) are shown in lanes F9 through 
F13). A band of 700 base pairs is seen in all lanes indicating the successful 
amplification of Fd and k regions. 



HEAVY CHAIN PRIMERS 



1) S'.AGGT%%A^CT foTCGAGT C%GG-3- 

2) 5'-AGGTCCAGCTG CTCGAG TCTGGr3* 

3) S-AGGTCCAGCTG CTCGAG TCAGG-3' 

4) S'-AGGTCCAGCTT CTCGAG TCTGG-S' 

5) S'-AGGTCCAGCTT CTCGAG TCAGG-3' 

6) 5--AGGTCCAACTG CTGGAG TCTGG-3' 

7) S'-AGGTCCAACTG CTCGAG TCAGGr 

8) S -AGGTCCAACTT CTCGAG TCTGG-3' 

9) 5 -AGGTCCAACTT CTCGAG TCAGG-3' 

10) 5 -AGGTIIAICTICTCGAGTC^GG -3* 

11) 5'« CTATT A ACTAGT AACGGTAACAGT- 

GGTGCCTTGCCCCA-3- 

12) 5*. AGGCT TACTAGT ACA ATCCCTGG- 

GCACAAT-3* 



Table 1. Primers used 
for amplification of 
heavy chain Fd frag- 
ments for construction 
of Fab's. Amplification 
was performed in eight 
separate reactions, each 
containing one of the 5' 
primers (primers 2 to 9) 
and one of the 3' prim- 
ers (primer 12). The re- 
maining 5' primers that 
were used for amplifica- 
tion in a single reaction 
are either a degenerate 
primer (primer 1) or a 
primer that incorporates 
inosine at four degener- 
ate positions (primer 
10). The remaining 3' 
primer (primer 11) has 
been used to construct Fv fragments. The underlined portion of the 5' 
primers incorporates an Xho I site and that of the 3' primer on Spe I 
restriction site. 



the library contained expressed light chain inserts. This relatively 
small percentage of inserts probably resulted from incomplete 
dephosphorylation of the vector after cleavage with Sac I and Xba I. 

Once obtained, the two libraries were used to construct a 
combinatorial library by crossing them at the Eco RI site as follows. 
DNA was first purified from each library. The light chain library was 
cleaved with Mlu 1 restriction endonuclease, the resulting 5' ends 
were dephosphorylated, and the product was digested with Eco RI. 
This process cleaved the left arm of the vector into several pieces, but 
the right arm containing the light chain sequences remained intact. 
The DNA of heavy chain library was cleaved with Hind III, 
dephosphorylated, and then cleaved with Eco RI; this process 
destroyed the right arm, but the left arm containing the heavy chain 
sequences remained intact. The DNA's so prepared were then mixed 
and ligated. After ligation, only clones that resulted from combina- 
tion of a right arm of light chain-containing clones and a left arm of 
heavy chain-containing clones reconstituted a viable phage. After 
ligation and packaging, 2.5 x 10 7 clones were obtained. This is the 
combinatorial Fab expression library that was screened to identify 
clones having affinity for NPN. For determining the frequency of 



LIGHT CHAIN PRIMERS 



1) 5 , »CCAGTTCC GAGCTC GTTGTGACTCAGGAATCT-3 t 

2) 5 -CCAGTTCC GAGCTC GTGTTGACGCAGCCGCCC -3' 

3) 5*-CCAGTTCCGAGCTCGTGCTC ACCCAGTCTCCA-3' 

4) 5'-CCAGTTCCGAGClCCAGATGACCCAGTCTCCA-3* 

5) 5 -CCAGATG TGAGCTC GTGATGACCCAGACTCCA-3' 

6) 5'-CCAGATGTGAGCTCGTCATGACCCAGTCTCCA*3' 

7) 5'»CCAGTTCC GAGCTC GTGATGACACAGTCTCCA-3' 

8) 5'-GCAGCATTCTAGAGTTTCAGCTCCAGCTTGCC-3' 

9) 5'- GCGCCGTCTAGA ATTAAC ACTCATTCCTGTTGAA-3* 



the phage clones that coexpress the light and heavy chain fragments, 
we screened duplicate lifts of the combinatorial library for light and 
heavy chain expression. In our examination of approximately 500 
recombinant phage, approximately 60 percent coexpressed light and 
heavy chain proteins. 

Antigen binding. All three libraries, the light chain, the heavy 
chain, and Fab were screened to determine whedier they contained 
recombinant phage that expressed antibody fragments binding 
NPN. In a typical procedure, 30,000 phage were plated and 
duplicate lifts with nitrocellulose screened for binding to NPN 
coupled to l25 I-labeled bovine serum albumin (BSA) (Fig. 5). 
Duplicate screens of 90,000 recombinant phage from the light chain 
library and a similar number from the heavy chain library did not 
identify any clones that bound the antigen. In contrast, the screen of 
a similar number of clones from the Fab expression library identified 
many phage plaques that bound NPN (Fig. 5). This observation 
indicates that, under conditions where many heavy chains in combi- 
nation with light chains bind to antigen, heavy or light chains alone 
do not. Therefore, in the case of NPN, we expect that there are 
many heavy and light chains that only bind antigen when they are 
combined with specific light and heavy chains, respectively. This 
result supports our decision to screen large combinatorial Fab 
expression libraries. To assess our ability to screen large numbers of 
clones and obtain a more quantitative estimate of the frequency of 
antigen binding clones in the combinatorial library, we screened one 
million phage plaques and identified approximately 100 clones that 
bound to antigen. For six clones, a region of the plate containing the 
positive phage plaques and approximately 20 surrounding them was 
"cored," replated, and screened with duplicate lifts (Fig. 5). As 
expected, die expression products of approximately I in 20 of the 
phage specifically bind to antigen. Phage which were believed to be 
negative on the initial screen did not give positives on replating. 

To determine die specificity of the antigen-antibody interaction, 
antigen- binding was subjected to competition with free unlabeled 
antigen (Fig. 6). These studies showed that individual clones could 
be distinguished on the basis of antigen affinity. The concentration 
of free haptens required for complete inhibition of binding varied 
between 10 to 100 x 10" 9 M, suggesting that the expressed Fab 
fragments had binding constants in die nanomolar range. 

In preparation for characterization of die protein products, a 
plasmid containing the heavy and light chain genes was excised with 
helper phage (Fig. 7). Mapping of the excised plasmid demonstrated 
a restriction pattern consistent with incorporation of heavy and light 
chain sequences. The protein products of one of the clones was 
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analyzed by enzyme-linked immunosorbent assay (ELISA) and 
immunoblotting to establish the composition of the NPN binding 
protein. A bacterial supernatant after IPTG (isopropyl thiogalacto- 
side) induction was concentrated and subjected to gel filtration. 
Fractions in the molecular size range 40 to 60 kD were pooled, 
concentrated, and subjected to a further gel filtration separation. 
ELISA analysis of the eluted fractions (Fig. 8) indicated that NPN 
binding was associated with a protein of a molecular size of about 50 
kD, which contained both heavy and light chains. An immunoblot 
of a concentrated bacterial supernatant preparation under nonreduc- 
ing conditions was developed with antibody to decapeptide. This 
revealed a 50-kD protein band. We have found that the antigen- 
binding protein can be purified to homogeneity from bacterial 
supernate in two steps involving affinity chromatography on protein 
G followed by gel filtration. SDS-PAGE analysis of the protein 
revealed a single band at —50 kD under nonreducing conditions and 
a doublet at ~25 kD under reducing conditions. Taken together, 
these results are consistent with NPN-binding being a function of 
Fab fragments in which heavy and light chains are covalently linked 
by a disulfide bond. 

Properties of the in vivo repertoire compared to the phage 
combinatorial library. Previously we constructed a highly diverse 
V H library in E. co\i. We have now combined heavy and light chain 
libraries to clone and express assembled and functional Fab frag- 
ments of immunoglobulin. A moderately restricted library was 
prepared because only a limited number of primers was used for 
polymerase chain reaction (PCR) amplification of Fd sequences. 
The library is expected to contain only clones expressing 
sequences. However, this is not an inherent limitation of the 
method since the addition of more primers can amplify any antibody 
class or subclass. Despite this restriction we were able to isolate a 
large number of clones producing antigen binding proteins. 






A central issue is how our phage library compares with the in vivo 
antibody repertoire in terms of size, characteristics of diversity, and 
ease of access. 

The size of the mammalian antibody repertoire is difficult to 
judge, but a figure of the order of 10 6 to 10 8 different antigen 
specificities is often quoted. Widi some of the reservations discussed 
below, a phage library of this size or larger can readily be construct- 
ed by a modification of the method described. Once an initial 
combinatorial library has been constructed, heavy and light chains 
can be shuffled to obtain libraries of exceptionally large numbers. 

In principle, the diversity characteristics of the naive (unimmu- 
nized) in vivo repertoire and corresponding phage library are 
expected to be similar in that both involve a random combination of 
heavy and light chains. However, different factors act to restrict the 
diversity expressed by an in vivo repertoire and phage library. For 
example, a physiological modification such as tolerance will restrict 
the expression of certain antigenic specificities from the in vivo 
repertoire, but these specificities may still appear in the phage 
library. However, bias in the cloning process may introduce restric- 
tions into the diversity of the phage library. For example, the 
representation of mRNA for sequences expressed by stimulated B 
cells can be expected to predominate over those of unstimulated cells 
because of higher levels of expression. In addition, the resting 
repertoire might overrepresent spontaneously activated B cells 
whose immunoglobulins have been suggested to be less specific. In 
any event, methods exist to selectively exclude such populations of 
cells. Also, the fortuitous presence of restriction sites in the vari- 
able gene similar to those used for cloning and combination will 
cause them to be eliminated. We can circumvent some of these 
difficulties by making minor changes, such as introducing amber 
mutations in the vector system. Different source tissues (for exam- 
ple, peripheral blood, bone marrow, or regional lymph nodes) and 
different PCR primers (for example, those to amplify different 
antibody classes), may result in libraries with different diversity 
characteristics. 

Another difference between in vivo repertoire and phage library is 

[Inhibitor] 



Fig. 5. Screening phage libraries for antigen-binding. Duplicate plaque lifts 
of Fab (filters A and B), heavy chain (filters E and F), and light chain (filters 
G and H) expression libraries were screened against 1 Mabeled BSA 
conjugated with NPN at a density of approximately 30,000 plaques per 
plate. Filters C and D illustrate die duplicate secondary screening of a cored 
positive from a primary filter A (arrows) as discussed in the text. Standard 
plaque lift methods were used in screening. Cells (XL1 blue) infected with 
phage were incubated on 150-mm plates for 4 hours at 37°C, protein 
expression was induced by overlay with nitrocellulose filters soaked in 1 mM 
IPTG, and the plates were incubated at 25°C for 8 hours. Duplicate filters 
were obtained during a second incubation under the same conditions. Filters 
were then blocked in a solution of 1 percent BSA in phosphate-buffered 
saline (PBS) for 1 hour before incubation (with rocking) at 25°C for 1 hour 
with a solution of l25 Mabeled BSA (at 0.1 uJW) conjugated to NPN 
(2 x 10 6 cpm/ml; approximately 15 NPN per BSA molecule), in 1 percent 
BSA in PBS. Background was reduced by preliminary centrifugation of stock 
,25 I-labeled BSA solution at 100,000* for 15 minutes and preliminary 
incubation of solutions with plaque lifts from plates containing bacteria 
infected with a phage having no insert. After labeling, filters were washed 
repeatedly with PBS containing 0.05 percent Twcen 20 before the overnight 
development of autoradiographs. 
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Fig. 6. Specificity of antigen bind- 
ing shown by competitive inhibi- 
tion. Filter lifts from positive 
plaques were exposed to ,25 I-labelcd 
BSA-NPN in the presence of in- 
creasing concentrations of the inhib- 
itor NPN. A number of phages cor- 
related with NPN-binding as in Fig. 
5 were spotted in duplicate (about 
100 particles per spot) directly onto 
a bacterial lawn. The plate was then 
overlaid with an IPTG-soaked filter 
and incubated for 19 hours at 25°C. 
The filters were then blocked in 1 
percent BSA in PBS before incuba- 
tion in ,25 I-BSA~NPN as done pre- 
viously with the inclusion of varying 
amounts of NPN in the labeling 
solution. Other conditions and pro- 
cedures were as in Fig. 5. The results 
for a phage of moderate affinity arc 
shown in duplicate in the figure. 
Similar results were obtained for 
four other phages with some differ- 
ences in the effective inhibitor con- 
centration ranges. 
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Fig. 7. A plasmid can be excised 
from XLcl, XHc2, and their combi- 
nation because they are a modifica- 
tion of Kzap II. M13mp8 was used 
as helper phage and the excised 
plasmid was infected into a F + de- 
rivative of MC1061. The excised 
plasmid contains the same con- 
structs for antibody fragment 
expression as do the parent vectors (Fig. 1). These plasmid constructs arc 
more conveniently analyzed for restriction pattern and protein expression of 
the X phage clones identified and isolated on the basis of antigen binding. 




Light chain 
Heavy chain 



methods to optimize sequences to compensate for the absence of 
somatic mutation and clonal selection. Three procedures arc made 
readily available through the vector system presented. First, satura- 
tion mutagenesis may be performed on the complementarity- 
determining regions (CDR's) (23) and the resulting Fab's can be 
assayed for increased function. Second, a heavy or a light chain of a 
clone that binds antigen can be recombined with the entire light or 
heavy chain libraries, respectively, in a procedure identical to that 
used to construct the combinatorial library. Third, iterative cycles of 
the two above procedures can be performed to further optimize the 



The plasmid also contains an fl origin of replication which facilitates the affinity or catalytic properties of the immunoglobulin. The last two 



preparation of single-stranded DNA for sequence analysis and in vitro 
mutagenesis. 

that antibodies isolated from the repertoire may have benefited from 
affinity maturation as a result of somatic mutations after combina- 
tion of heavy and light chains whereas the phage library randomly 
combines the matured heavy and light chains. Given a large enough 
phage library derived from a particular in vivo repertoire, the 
original matured heavy and light chains will be recombined. How- 
ever, since one of the potential benefits of this technology is to 
obviate the need for immunization by the generation of a single 
highly diverse "generic" phage library, it would be useful to have 
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Fig. 8. Characterization of an antigen binding protein. The concentrated 
partially purified bacterial supernatant of an NPN binding clone was 
separated by gel filtration and samples from each fraction were applied to 
microliter plates coated with BSA-NPN. Addition of either antibody to 
decapeptide (— ) or antibody to k chain (— , left-hand scale) conjugated with 
alkaline phosphatase was followed by color development. The arrow indi- 
cates the position of elution of a known Fab fragment. The results show that 
antigen binding is a property of a 50-kD protein containing both heavy and 
light chains. To permit protein characterization, a single plaque of a NPN- 
positive clone (Fig. 5) was picked, and the plasmid containing the heavy and 
light chain inserts (Fig. 7) was excised (19). Cultures (500 ml) in L broth 
were inoculated with 3 ml of a saturated culture of the clone and incubated 
for 4 hours at 37°C. Protein synthesis was induced by the addition of IPTG 
to a final concentration of 1 mM, and the cultures were incubated for 10 
hours at 25°C. The supernatant from 200 ml of cells was concentrated to 2 
ml and applied to a TSK-G4000 column. Samples (50 u.1) from the eluted 
fractions were assayed by ELISA. Microtiter plates were coated with BSA- 
NPN at 1 iJLg/ml, 50-ul samples were mixed with 50 u.1 of PBS-Tween 20 
(0.05 percent) BSA (0.1 percent) added, and the plates were incubated for 2 
hours at 25°C. The plated material was then washed with PBS-Tween 20- 
BSA and 50 u-1 of appropriate concentrations of a rabbit antibody to 
decapeptide (20) or a goat antibody to mouse k light chain (Southern 
Biotech) conjugated with alkaline phosphatase were added and incubated for 
2 hours at 25°C The plates were again washed, 50 u-1 of p-nitrophenyl 
phosphate (1 mg/ml in O.IM tris, pH 9.5, containing 50 mM MgCI 2 ) was 
added, and the plates were incubated for 15 to 30 minutes and the 
absorbance was read at 405 nm. 



procedures are not permitted in B cell clonal selection, which 
suggests that the methods described here may actually increase our 
ability to identify optimal sequences. 

Access is the third area where it is of interest to compare the in 
vivo antibody repertoire and phage library. In practical terms the 
phage library is much easier to access. The screening methods used 
have allowed one to survey the gene products of at least 50,000 
clones per plate so that 10 6 to 10 7 antibodies can be readily 
examined in a day but the most powerful screening methods depend 
on selection. In the catalytic antibody system, this may be accom- 
plished by incorporating into the antigen leaving groups necessary 
for replication of auxotrophic bacterial strains or toxic substituents 
susceptible to catalytic inactivation. Further advantages are related 
to the fact that the in vivo antibody repertoire can only be accessed 
via immunization, which is a selection on the basis of binding 
affinity. The phage library is not similarly restricted. For example, 
the only general method to identify antibodies with catalytic 
properties has been by preselection on the basis of affinity of the 
antibody to a transition state analog. Such restrictions do not apply 
to the in vitro library where catalysis can, in principle, be assayed 
directly. The ability to assay directly large numbers of antibodies for 
function may allow selection for catalysts in reactions where a 
mechanism is not well defined or synthesis of the transition state 
analog is difficult. Assaying for catalysis directly eliminates the bias 
of the screening procedure for reaction mechanisms limited to a 
particular synthetic analog; therefore, simultaneous exploration of 
multiple reaction pathways for a given chemical transformation are 
possible. 

We have described procedures for the generation of Fab frag- 
ments that are clearly different in a number of important respects 
from antibodies. There is undoubtedly a loss of affinity in having 
monovalent Fab antigen binders, but it is possible to compensate for 
this by selection of suitably tight binders. For a number of applica- 
tions such as diagnostics and biosensors, monovalent Fab fragments 
may be preferable. For applications requiring Fc effector functions, 
the technology already exists for extending the heavy' chain gene and 
expressing the glycosylated whole antibody in mammalian cells. 

Our data show that it is now possible to construct and screen at 
least three orders of magnitude more clones with monospecificity 
than previously possible. The data also invite speculation concerning 
the production of antibodies without the use of live animals. 
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Antibodies Without Immunization 
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Immunization of animals to produce and- 
" bodies for laboratory and medical use is 
among the time-honored processes in sci- 
ence. However, recent experimental data 
have indicated that this process might be 
4 replaced with a synthetic one. Examination 
of how naturally occurring antibodies are 
formed reveals some critical features and 
mechanisms that should be considered dur- 
* ing the design of a replacement process: (i) 
the immune system is combinatorial, (ii) 
the processes of replication and recognition 
are linked, (iii) the antibody gene pool is 
^ largely naive, and (iv) the system is capable 
of somatic refinement. 

Copying and even improving this natu- 
ral complexity requires the replication of 
■ t the above features in a set of linked trans- 
actions. The ultimate goal is to provide a 
library of antibodies with nearly endless 
binding specificities and without dependen- 
cy on animals or their cells. 

The natural antibody system is funda- 
mentally combinatorial. Diversity is gen- 
erated by combinations of genes encoding 
«two presumably randomly associated pro- 
tein chains (heavy and light), each of 
which contains three hypervariable or 
-complementarity determining regions 
«(CDR's). The Vast diversity of the anti- 
body repertoire is achieved by the combi- 
natorial association of these six CDR's in 
three-dimensional space. In a synthetic 
♦system the main hurdle to replacing the 
process of immunization is the need to 
mimic in vitro this large combinatorial 
process. This task is the opposite to that 
« presented by cloning because diversity 
rather than homogeneity must be 
achieved. A further complication in anti- 
body synthesis is that the CDR's are pres- 
ent on two different protein chains. 

Earlier work on the assembly of immu- 
noglobulins in Escherichia coli (1-3) and on 
amplification of the individual genes by the 
^polymerase chain reaction (PCR) (4-6) 
provided a basis for the in vitro generation 
of antibody diversity. However, progress in 
the field was hampered by the assumption 
on the part of investigators that the proba- 
bility of obtaining useful antibodies by ran- 
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dom chain association was too low. Never- 
theless, it has now been shown that the 
combinatorial problem could be solved by 
random association and expression of large 
numbers of genes encoding heavy and light 
chains in phage systems (7). This method is 
efficient for immunized animals because, as 
exposure to antigen continues, the induced 
repertoire becomes more homogeneous and 
results in an increased concentration of 
chains that can be paired in a way appro- 
priate for antigen binding (8). Further, it 
may not be necessary to recapitulate the 
chain pairing found in 

the immunized animal. 

In fact, diversity can of- 
ten be increased by a 
process of chain shuf- 
fling (9). A solution to 
the combinatorial prob- 
lem cleared the main 
obstacle to replacing 
immunization in that 
an antibody library 
with a potential diver- 
sity exceeding that of 
intact animals could be 
contained in a volume 
of only a few microli- 
ters. It then remained 
necessary to obtain the 
starting gene pool, ac- 
cess large libraries, and 
improve their binding 
specificities. 

Biological systems 
are especially powerful 
because recognition 
and replication are 
linked. Linkage can be 
at the level of whole 
organisms, individual 
cells, or viral entities. 
In the immune system 
the linkage exists be- 
cause cells that recog- 
nize antigens at their 
surfaces are stimulated to divide. Screening 
of combinatorial antibody libraries is aimed 
at approximating this central feature of 
biological systems. 

Systems in which diverse peptide se- 
quences are displayed on the surface of 
filamentous bacteriophages (10, //) have 
proved attractive for linking combinatorial 
antibodies with the genes that encode them 
in a package capable of recognizing antigen 
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Synthetic generation of antibodies. 

Sequences for antibody chains are con- 
structed from synthetic nucleic acids 
randomized in the antigen binding re- 
gion. These sequences are cloned into 
bacteriophages, which are then subject 
to mutation and selection. 



and replicating. This has been done in two 
ways (12-14). In each case both antibody 
chains (heavy and light) are linked to 
gene fragments that encode signals that 
direct them to the periplasmic space of E. 
coli. The genes for the antibody heavy 
chains are fused with either the phage 
gene III or gene VIII, which encode low 
and high copy phage surface proteins, 
respectively. This design allows heavy 
chains linked to phage proteins to encoun- 
ter free light chains in the periplasmic 
space during the assembly of phage parti- 
cles. Since the volume of an E. coli bac- 
terium is somewhat less than 10~ 15 liter, a 
few hundred molecules of the antibody 
chains in the periplasmic space exceed the 
association constant of the heterodimer, 
thereby leading to appropriate assembly of 
the two-chain antibody structure on the 
phage surface. The difference between the 
methods is that in one the antibody genes 
are incorporated into 
the phage genome 
whereas in the other 
method they are in a 
smaller gene (phage- 
mid), which is copied 
during viral replication. 
We use the phagemid 
(13, 14) because it 
readily permits gene 
cloning and its small 
size allows the genera- 
tion of very large librar- 
ies. Furthermore, the 
phagemid-gene III con- 
structions have yielded 
monovalent phage, 
thereby facilitating the 
selection of the highest 
affinity antibody clones. 

Phage with specific 
antigen-binding proper- 
ties can be selected and 
enriched by repeated at- 
tachment to, and elution 
from, a source of im- 
mobilized antigen. Al- 
though a concentration 
of 10 11 phage per 50 mi- 
croliters is possible, the 
transforming efficiency of 
the DNA limits the pro- ' 
cess so that in practice 
only 10 8 different anti- 
bodies can be readily studied. Nevertheless, 
with these methods of screening combinato- 
rial libraries, many antibodies to haptens and 
proteins from immunized animals and man 
have already been prepared. 

With combinatorial libraries available, 
attention turned to circumventing the pro- 
cess of immunization. A primary consider- 
ation was the source of the antibody genes 
that make up the library (15). If educated 



SCIENCE • VOL. 258 • 20 NOVEMBER 1992 



1313 



-i«J m 



libraries are used, the investigator is en- 
gaged in the formidable process of protein 
remodeling. Imagine the attendant difficul- 
ty of selecting a chain combination that 
must bind a hydrophobic hapten deeply 
within a binding pocket from a pool of 
antibody chains largely evoked to maximize 
the area of interacting protein surfaces to 
bind a protein antigen. 

Naive combinatorial libraries require a 
source of genes. Immunoglobulin genes 
from animals do not constitute a naive gene 
pool because the animals have received 
many antigenic challenges. Furthermore, 
an animal repertoire may be evolutionarily 
restricted. For example, evidence is emerg- 
ing that in humans the use of antibody 
chains is far from random. A further com- 
plication is the likely need for PCR to 
amplify sequences from natural sources be- 
cause diversity decreases on subsequent 
rounds of gene amplification, a situation 
that may be favorable in immunized but not 
unimmunized animals. 

Synthesizing combinatorial libraries then 
became the method of choice. Here some or 
all of the CDR's are encoded by synthetic 
nucleic acids randomized at most positions 
(16). Such libraries have a potential diver- 
sity greater than that of animals. We have 
selected high-affinity antibodies to fluoresce- 
in from combinatorial libraries in which the 
CDR3 regions of both the light and heavy 
chains are encoded by synthetic gene seg- 
ments (16). Analysis of codon usage showed 
that selection for binding was attributable to 
the protein and was not due to some bias 
either in nucleic acid synthesis or in clonal 
expansion during phage selection (16). The 
selected antibodies showed consensus se- 
quences related to both the general structur- 
al requirements of the antibody molecule 
and features required for specific binding to 
fluorescein. For example, only antibodies 
that had aspartic acid in position 101 of the 
heavy chain CDR3 were selected (16). In 
naturally occurring antibodies, the carbox- 
ylate of Asp 101 often has an important struc- 
tural role in that it can form a salt bridge 
with the guanidinium moiety of a framework 
arginine residue, thereby constraining the 
conformation of the CDR's (17). Thus, the 
in vitro selection system is mimicking a 
feature that results from natural selection 
and showed that antibody chains with syn- 
thetic CDR's can form the basis of large 
combinatorial libraries. Although selection 
for general structural features of the antibody 
molecule occurred when mixtures of syn- 
thetic and natural CDR's were combined, 
even this requirement may be relaxed when 
all the CDRs are synthetic. Thus, the sys- 
tem may have enough degrees of freedom to 
generate useful CDR combinations in a way 
not possible unless all the combinatorial 
parameters can vary in concert. 
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In some instances it will be necessary to 
mimic the natural somatic refinement pro- 
cess to increase the affinity of antibodies 
selected in the primary screening. We have 
been able to select for mutated antibodies of 
higher affinity by iterative procedures in 
which mutations are introduced by error- 
prone PCR (18). Although this staggered 
process of mutation and selection differs 
from the natural integrated selection scheme 
for cells with the highest binding affinity, 
the number of independent binding events 
that are available for study may be higher 
than those of natural systems. Whether sort- 
ing through large numbers of binding events 
can approximate or even exceed affinities 
obtained by more tightly integrated muta- 
tion and selection remains to be seen. 

Apparently there is no longer any major 
technical obstacle to eliminating the pro- 
cess of immunization or even the use of 
animals for the preparation of antibodies. 
Whether or not the technology is general 
and applicable to all classes of molecules, 
we do know that principles learned for 
haptens have been generalizable to protein 
antigens. We anticipate that soon master 
combinatorial antibody libraries will be 
available for distribution and that such 
libraries will depend on the use of synthetic 
CDR's in which all positions are random- 
ized except those known to be conserved in 
natural antibodies. Also, the length of the 
CDR's will be varied and will include some 
that are longer than those of natural anti- 
bodies. Only for human antibodies intend- 
ed for therapy need considerations of poten- 
tial immunogenicity temper any search for 
novel structures. 

Combinatorial antibody libraries should 
be useful for isolating large enough numbers 
of antibodies to search for consensus se- 
quence motifs implicated in binding to a 
particular class of antigens. This approach 
appears promising for generating antibodies 
that neutralize HIV. Here, highly special- 
ized libraries may be constructed where 
motifs known to affect virus neutralization 
are incorporated into the synthetic CDR's. 
The master library should grow by acquiring 
these specialized libraries. Hence, the sci- 
entific community should adopt a technol- 
ogy that is sufficiently uniform for new 
constructs to be easily incorporated into the 
master library. 

The use of master libraries could be com- 
pared to the process of immunization. The 
initial selection is like the primary response 
in which the affinity is expected to be vari- 
able and highly dependent on the chemical 
nature of the antigen. If the affinity constant 
is not suitable, mutagenesis and reselection, 
a process related to somatic refinement dur- 
ing sustained immunization, could be insti- 
tuted. The iterative selection procedures 
used for screening and even mutating com- 
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binatorial libraries lend themselves to auto- 
mation, and we can expect to see machines 
that carry out many of the steps. 

Combinatorial antibody libraries were 
generated initially to match the chemical 
component of antibody catalysis with a 
protein component that was more under- 
standable in chemical terms. Synthetic 
combinatorial antibody libraries have a di- 
versity that is not subject to in vitro editing 
processes such as tolerance. This last fea- 
ture allows selection for rare antibody spe- 
cies like those that may be required for 
acid-base catalysis or those that operate on 
structures of low immunogenicity, such as 
nucleic acids. In addition, unlike induction 
in animals that selects for binding events 
under aqueous conditions and neutral pH, 
antibodies can be selected from synthetic 
libraries that bind under various reaction 
conditions, including in the presence of 
organic solvents. Even antibodies that 
make covalent interactions can be selected 
by elution with nucleophiles. When known 
protein binding motifs are used, antibody 
chains that incorporate cofactors and met- 
als can be included in the combinatorial 
library and thus extend the range of anti- 
body catalysis to chemical reactions beyond 
the capability of amino acid side chains. 
Finally, master libraries can be thought of 
as a uniform and reproducible source of 
antibodies, a feature that can increase the 
precision of some immunological tech- 
niques and at the same time be of service to 
chemistry, biology, and medicine. 
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By-passing Immunization 
Human Antibodies from V-gene Libraries Displayed on Phage 
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We have mimicked features of immune selection to make human antibodies in bacteria. 
Diverse libraries of immunoglobulin heavy (V H ) and light (V K and VJ chain variable (V) 
genes were prepared from peripheral blood lymphocytes (PBLs) of unimmunized donors by 
polymerase chain reaction (PUR) amplification. Genes encoding single chain Fv fragments 
were made by randomly combining heavy and light chain V-genes using PCR, and the 
combinatorial library (>1() 7 members) cloned for display on the surface of a phage. Rare 
phage with "antigen-binding" activities were selected by four rounds of growth and panning 
with "antigen" (turkey egg-white lysozyme (TEL) or bovine serum albumin) or "hapten" 
(2-phenyloxazol-/5-one (phOx)), and the encoding heavy and light chain genes were 
sequenced. The V-genes were human with some nearly identical to known germ-line 
V-genes, while others were more heavily mutated. Soluble antibody fragments were 
prepared and shown to bind specifically to antigen or hapten and with good affinities, A" a 
(TKL) = 10 7 m" 1 ; k\ (phOx) = 2x 10 m~*. Isolation of higher- affinity fragments may 
require the use of larger primary libraries or the construction of secondary libraries from the 
binders. Nevertheless, our results suggest that a single large phage display library can be 
used to isolate human antibodies against any antigen, by-passing both hybridoma 
technology and immunization. 

Keywords: filamentous phage; human antibodies; combinatorial libraries 



L Introduction 

Over the last century animal antiserum, and more 
recently rodent monoclonal antibodies, have been 
used clinically to neutralize toxins, and to treat 
bacterial and viral infections. In the future the 
specific recognition of human cell-surface markers 
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by antibody fragments should enable functional 
manipulations of subsets of immuno-competent cells 
in the fields of, for example, autoimmunity, trans- 
plantation, and the inhibition of cell adhesion and of 
eytokine-stimulated cell proliferation. However, the 
use of animal antibody can lead to an antiglobulin 
response and hypersensitivity reactions. Ideally 
human monoclonal antibodies would be used, but it 
is difficult to make them. Not only are peripheral 
blood lymphocytes (PBLsJ) a poor source of the 
blast cells that are actively involved in the immune 
response, but it is difficult to immortalize them. The 
use of mouse myeloma lines as fusion partners for 
human B-cells leads to a preferential loss of human 
chromosomes and instability of the hybrids, and 
Epstein Barr virus infection of B-cells also tends to 
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produce unstable (IgM) linos with poor antigen affi- 
nity (for a review and references, see Winter & 
Miistein (1991)), 

However, there are other ways of tapping the 
antibody repertoire of immunized humans or 
animals. Instead of immortalizing B-cells for 
production of monoclonal antibodies, the antibody 
heavy and light chain V-genes are immortalized by 
gene technology, and antibodies or fragments 
expressed in mammalian cells, yeast or bacteria. For 
example, recombinant antibodies were rescued from 
hybridornas by PCR amplification of the V-genes 
with "universal" primers, and cloning the genes into 
vectors for expression of complete antibodies 
(Orlandi et al, 1989). In principle this technique 
could be extended to the construction of antibodies 
from the V-genes of single B-cells, thereby by- 
passing hybridoma technology (Orlandi et al, 1989; 
Larrick et al., 1989). Alternatively, libraries of 
V-genes have been used to express soluble antibody 
fragments, which are then screened for antigen- 
binding activities (Ward et al., 1989; Huse et al, 
1989; Caton & Koprowski, 1990; Mullinax et al, 
1990; Persson et a/., 1991). For example, from a 
donor immunized with tetanus toxoid, V-genes from 
the mRNA of 10 8 human PBLs were combined at 
random in bacteriophage lambda, so scrambling the 
original heavy and light chain pairings. When the 
combinatorial library (10 7 members) was expressed 
in bacteria and 12,000 plaques were screened on 
nitrocellulose filters for binding to toxoid, 10 
binders were found (Mullinax et al., 1990). Thus, 
human antibodies can be made by filter screening of 
combinatorial libraries from immunized donors. 

By contrast we have avoided the screening of 
large numbers of individual clones on filters by 
mimicking features of immune selection (Miistein, 
1990; McCafferty et al., 1990; Winter & Miistein, 
1991 ). In the immune system, diverse combinatorial 
libraries of antibodies are displayed on the surface 
of B-cells, and specific recognition with antigen trig- 
gers cell proliferation and differentiation into anti- 
body-secreting or memory pathways. We have 
displayed (Smith, 1985; Parmley & Smith, 1988) 
antibody fragments on the surface of filamentous 
bacteriophage by fusion to a minor coat protein at 
the tip of the phage, the gene 3 protein (g3p) 
(McCafferty et al, 1990). Phage encoding antibody 
fragments with binding activities were selected from 
those encoding non-binders by affinity chromato- 
graphy. By rounds of growth and selection, rare 
binders were selected, with an enrichment of one in 
10 3 after one round of panning, and one in 10 6 
after two rounds (McCafferty et a*., ,1990). Antibody 
fragments can be displayed as fusions with g3p as 
single polypeptide chains in which the heavy and 
light chain variable domains are linked by a poly- 
peptide spacer (single chain Fv or scFv: McCafferty 
et al, 1990), or as non-covalently associated heavy 
and light chains (Fab fragments) (Hoogenboom et 
al, 1991). Fab fragments have also been displayed 
as fusions with the major coat protein (gene 8: Kang 
et al, 1091). Recently we used phage to display a 



small random combinatorial library (2 x 10 5 
members) of scFv antibody fragments from the 
spleen mRNA of immunized mice (Clackson et al, 
1991). The mRNA is presumably derived mainly 
from plasma cells (R. Hawkins & G. Winter, unpub- 
lished results), as the level of Ig mRNA in these cells 
is up to 1000-fold greater than in resting B-cells 
(Schibler et al, 1978). After only a single round of 
affinity selection, we isolated numerous different 
antibodies with affinities in the range of 10 5 M" 1 to 
lO 8 !*- 1 . 

However, it is rarely possible to immunize 
humans to order, and the possibility of making 
human antibodies without prior immunization is 
particularly appealing. We have therefore applied 
the phage display technology to making human 
antibodies from V-gene repertoires from unimmun- 
ized donors. We made a large scFv library from the 
PBLs, and with greater than 10 7 members it was 
similar in size to the B-cell repertoire of a mouse at 
any one moment. The library was also made as 
diverse as possible by using both V K and V x light 
chains, as well as V H s derived from IgM and IgG 
mRNA. Diversity was further maximized by using 
PCR primers based on each of the human heavy and 
light chain gene families (Marks et al, 1991). 
Finally, the library was subjected to multiple 
rounds of affinity selection to ensure that even a 
single clone in the original library could be isolated. 



2. Materials and Methods 

(a) Primer design 

We optimized the design of the PCR primers for the 
rearranged V-genes to maximize the diversity of the IVR 
products. The primers were located at the 5' and 3' ends 
(back and forward primers, respectively) of the mature 
V-regions (Orlandi et al, 1989; Marks et al. 1991; 
Songsivilai et al, 1990), but did not incorporate internal 
restriction sites that mismatch the template and bias 
amplification. The back primers were designed to match 
each of the families of human V-genes, and forward 
primers to match each of the human germ-line J -segments 
(Table 1). Furthermore, sets of PCR primers were 
designed to optimize the linking of V H and V K or V x genes 
at random, and append restriction sites to the linked 
genes (Table 1 and Fig. 1). 

(b) Assay of donor serum for presence of 
IgM antibodies to phOx-BSA and TEL 

Serum from the 2 donors was assayed for the presence 
of IgM antibodies to phOx-BSA and TEL using an 
ELISA-based assay kit for detection of human IgM anti- 
bodies in serum (Platest, Menarini Diagnostics). 
Microtiter plates were coated overnight with either 10 jig 
phOx-BSA/ml or 10 ^g TEL/ml. Plates were washed 3 
times with PBS (phosphate-buffered saline: 25 mat- 
NaH 2 P0 4 , 125 mM-NaCl, pH 7 0) and blocked for 2h 
with 2% MPBS (2% (w/v) skimmed milk powder 
(Marvel) in PBS) at 37 °C. Donor serum was diluted 1/40 
in PBS and 50 fi\ was added to the microtiter wells ami 
incubated for 30 min at room temperature. The plates 
were washed 3 times with PBS and 50 /d horseradish 
peroxidase-conjugated anti-human IgM antibody was 
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(a) 



1st strand cDNA synthesis 
mRNA 



mRNA 



I HuIgGI-4F0R 
V HulgM FOR I 

|)st strand Vh-CH) cDNA| 1 1st strand V l -CL cDNA| 



HuCLFOR 



( b ) Primary PCRs 
HuVHBACK 



HuVLBACK 



1st strand V M cDNA" 6 — 

| HuJHFOR 

|v h cDna1 



1st strand V L cDNA<— 

\ HuJLFDR 
[V L cDNA] 



(c ) PCR assembly 
HuVHBACK 



V H 



Unktf ONA 

j 

|Human scFv repertoires! 



HuJLFOR 



(d) 



Reamplification with primers containing restriction sites 
\HuVHBACKSfi . 

N ~-> Vh scFv linker V L 

■ | HuJLFORNot\ 

[Assembled human scFv repertoires with 5' and 3* restriction sites| 

Figure 1. Making scFv gene repertoires, (a) mRNA is 
primed with constant region-specific; oligonucleotides and 
1st strand r.DNA synthesized. (|>) Portions of 1st strand 
cDNA are PCR amplified with a mixture of V-gene and 
J -segment primers, (<:) The rearranged V H and V L PCR 
products are combined in a 2nd PCR amplification 
containing linker DNA that overlaps the C terminus of 
the V H and the N terminus of the V L genes. This reaction 
mixture is subjected to temperature cycling followed by 
amplification, (d) Finally, the resulting scFv gene reper- 
toires are reamplified with primers containing appended 
restriction sites. 



added to each well and incubated for 30 min. Plates were 
washed 3 times with PUS, developed as in the kit protocol 
and the plate read at 450 nm. 



10 mM-KCl, 10 mM-(NH 4 ) 2 S0 4 , 20 mivi-Tris- HC1 (pH 8 8). 
2 0 mM-MgCl 2 , 100 /ig BSA/ml and 1 p\ (1 unit) Vent 
DNA polymerase (New England Biolabs). The reaction 
mixture was overlaid with mineral (paraffin) oil and 
subjected to 30 cycles of amplification using a Techne 
thermal cycler. The cycle was 94 °C for 1 min (denat ora- 
tion), 57 °C for 1 min (annealing) and 72°C for 1 min 
(extension). The products were purified on a 2% (w/v) 
agarose gel, isolated from the gel by Geneclean (Bio- 101) 
and resuspended in 25 //I of water. 

To make the scFv linker DNA, 52 separate 50 /d PCR 
reactions were performed using each of the 4 reverse JH 
primers in combination with each of the 13 reverse V K and 
V x oligonucleotides (Table 1). The template was approxi- 
mately 1 ng of pSW2scFvDl 3 (McCafFerty et aL. 1990) 
containing the short peptide (GIy 4 Ser) 3 (Huston et a I.. 
1988). The PCR reaction reagents were as described above 
and the cycle was 94 °C for 1 min, 45 °C for 1 min and 
72 °C for 1 min. The linkers were purified on a 2% agarose 
gel, el u ted from the gel on a Spin-X column (Costar) and 
precipitated with ethanol. 

For PCR assembly of the scFv repertoires (Fig. 1(c)). 
approximately 1 pg of a primary heavy chain amplifica- 
tion (V H/1 or V Hr ) and 1 fig of a primary light chain 
amplification (V K or V A ) were combined with approxi- 
mately 250 ng of the appropriate linker DNA (an e<pii- 
molar mixture of each of the 6 JH-V K or 7 JH-V A linkers) 
in a 50 p\ PCR reaction mixture and cycled 7 times (94 °C 
for 2 min and 72 °C for 2 5 min) to join the fragments. The 
reaction mixture was then amplified for 25 cycles (94 °C 
for 1 min and 72 °C for 3 min) after the addition of 
20 pmol of the outer PCR primers (Fig. 1(c)). Finally, the 
assembled products were gel -purified and reamplified for 
25 cycles (94 °C for 1 min, 55°C for 1 min, 72°C for 
2-5 min) with the flanking oligonucleotides containing the 
appended restriction sites (Fig. 1(d)). PCR buffers and 
dNTPs were as described previously. The resulting scFv 
repertoires (V^-V*, V H/I -V A , V Hr -V K , V Hy -Vj were purified 
on a 1*5% agarose gel, electroeluted and precipitated with 
ethanol (Sambrook et al., 1990). For subsequent' cloning, 
the Vh^-V^ and V^-V* repertoires were combined (TgM 
repertoire) as were the V Hy -V K and V Hy -V A repertoires (IgG 
repertoire). 



(c) cDNA .synthesis, PCR amplication and 
assembly of sc,Fv genes 

Blood (500 ml) containing approximately I0 8 
B- lymphocytes, was obtained from 2 healthy volunteers. 
The white cells were separated in Ficoll and RNA was 
prepared using a modified method described by Cathala et 
al. (1983). Heavy chain repertoires were prepared from 
both TgG and TgM cDNA in order to tap both mature and 
naive lymphocytes (Roit et al., 1985), and light chain 
repertoires were prepared from both V K and V x genes. 
Thus, 4 first strand cDNA syntheses were made as 
described (Marks et al. t 1991) from RNA corresponding to 
2*5 x li) 1 B-cclls, using either an IgG or an lgM constant 
region primer for the heavy chains, or a K or X constant 
region primer for light chains (Tabic 1 and Fig. 1(a)). All 
of the cDNA was used to generate 4 separate repertoires 
of soPv gene* (V H „-V K , V H(1 -V„ V Hy -V K V Hy -V A ) as 
described below (Figs 1 and 2). 

V H , V,, and V^-genes were amplified separately using an 
equimolar mixture of the appropriate family-based back 
and forward primers (Table 1, Figs 1(b) and 2). Reaction 
mixtures (50 p\) were prepared containing 5 fi\ of the 
supernatant from the cDNA synthesis, 20 pmol back 
primers, 20 pmol forward primers, 250 j/M-dNTPs 



(d) Cloning of the scFv gene repertoires 

Purified DNA of the scFv gene repertoires (1 to 4 /fg) 
was digested with Notl and either Sfil or iVcol restriction 
enzymes. (The 2 different restriction enzymes were tried 
in an attempt to increase the cloning efficiency.) After 
digestion, the fragments were extracted with phenol/ 
chloroform, and ligated into pHENl (Hoogenboom et al., 
1991) vector that had been digested with either Sfil and 
Notl or iVcol and Notl and electroeluted from a 0*8% 
agarose gel (Sambrook et aL, 1990). Each scFv gene 
repertoire was combined in a ligation mixture which 
included 6 pg of digested vector, in a 100 p\ ligation mix 
with 2000 units of phage T4 DNA ligase (New England 
Biolabs) overnight at room temperature. The ligation mix 
was purified by extraction with phenol and precipitation 
with ethanol. The ligated DNA was resuspended in 10 p\ 
of water, and 2-5 pi samples were electroporated (Dower et 
aL, 1988) into 50 pi Escherichia coli TGI (Gibson. 1984). 
Cells were grown in 1 ml of SOC (Sambrook et aL, 1990) 
for 1 h and then plated on TYE (Miller, 1972) medium 
with 100 pg ampicillin/ml and 1% (w/v) glucose (TYE- 
AMP-CLU), in 243 mm x 243 mm dishes (Nunc). Colonies 
were scraped off the plates into 10 ml of 2xTY broth 
(Miller, 1972) containing 100 uq ampicillin/ml. I % 
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Table 1 

Oligonucleotide primers used for PCR of human immunoglobulin genes 



A. 1st -strand r.DNA synthesis 

Human heavy chain constant region primers 

HulgUl-4CHlF0R S'-CTC CAC CTT GGT GTT OCT QQG CTT-3' 
HulgMFOll 5' -TOG AAG AGG CAC GTT CTT TTC TTT-3' 

Human k constant region primer 

HuUkFOR 5»-AGA CTC TCC OCT GIT GAA OCT CTT-3' 

Human A constant region primer 

Hut.'AFOR 5'-TGA A<A TTC TGT AGG GQC CAC TGT CTT^ 1 

B. Primary PC lis 

Human V M back primers 

HuVH laBACK 5'-CAG GIG CTC GIG CAG TCT GG-3' 

HtiVH2aBACK 5' -CAG GTC AAC TEA AGG GAG TCT GG-3 1 

HuVH3aBACK 5 '-GAG GTG CAG CTG GTG GAG TCT GG-3' 

HuVH4aBACK 5' -CAG GTG CAG CTG CAG GAG TOG GG-3 1 

HuVtirmltACK 5' -GAG GIG CAG CTG TTG CAG TCT G>3' 

HuVllttiiBACK 5'-CAG GTA CAG CTG CAG CAG TCA GG-3 1 

Human J„ forward primers 

HuJ H I-2FOK 5'-TGA GGA GAC GGT GAC CAG GGT GOC-3' 

HihJ H3FOR 5' -TGA AGA GAC GGT GAC CAT TGT COC-3' 

HuJH4-5KOU 5--TGA GGA GAC GGT GAC CAG GGT TOC-3 1 

Hu.JHGFOR 5'-TGA GGA GAC GGT GAC OGT GGT CCC-3' 

Human V K back primers 

HuVkUBACK 5' -GAC ATC CAG ATG AOC CAG TCT OC-3' 

HuVfc2aBACK 5' -GAT GTT GTG ATG ACT CAG TCT OC-3 1 

HuVfc3aBACK 5'-GAA ATT GTG TTG ACG CAG TCT CC-3' 

HuVlc4aBACK 5' -GAC ATC GTG ATG ACC CAG TCT OC-3' 

HuVfc5aBACK 5'-GAA ACG ACA CTC ACG CAG TCT CC-3' 

HuVK6aBACK 5'-GAA ATT GTG CTG ACT CAG TCT CC-3' 

Human *] K forward primers 

Hu.Jk I FOR 5'-ACG TTT GAT TTC CAC CTT GGT CCC-3' 

Hu.Jk2F<)R 5'-AOG TTT GAT CTC CAG CTT GGT CCC-3' 

H uJfrtFOk 5'-ACG TTT GAT ATC CAC TTT GST CCC-3' 

Hu.Ik4FOR 5'-ACG TTT GAT CTC CAC CTT OGT CCC-3' 

Hu.Jk5FOR 5' -ACG TTT AAT CTC CAG TOG TGT CCC-3' 

Human A back primers 

HuAlBACK 5*-CAG TCT GIG TTG ACG CAG COG CC-3' 

HuA2BA( K 5'-CAG TCT GCC CTG ACT CAG OCT GC-3' 

HuA3aBACK 5'-T0C TAT GTG CTG ACT CAG CCA CC-3' 

H u A3 b BACK 5' -TCT TCT GAG CTG ACT CAG GAC CC-3' 

HuA4BACK 5' -CAC GTT ATA CTG ACT CAA COG CC-3' 

HuASBACK 5»-CAG OCT GTG CTC ACT CAG COG TC-3' 

H u AH BACK 5'-AAT TTT ATG CTG ACT CAG CCC CA-3' 

Human A forward primers 

Hu.JAl FOR 5'-ACC TAG GAC GGT GAC CTT GGT CCC-3' 

HuJA2-3FOR 5' -ACC TAG GAC GGT CAG CTT GGT CCC-3' 

HuJA4-5FOR 5' -ACC TAA AAC GGT GAG CTG GGT CCC-3' 

U PCR assembly 

Reverse .J„ for scFv linker 

RHu.lHI-2 S'-GCA CCC TGG TCA COG TCT OCT CAG GIG G-3' 

RHu.lH3 5' -GGA CAA TOG TCA COG TCT CTT CAG GIG G-3' 

RHU.UI4 f> 5'~GAA CCC TGG TCA COG TCT OCT CAG GTG G-3' 

RHuJHO 5'-GGA CCA CGG TCA COG TCT OCT CAG GTG C-3' 

Reverse V K for scFv linker 

RHuVkUBACKFv 5' -GGA GAC TOG GTC ATC TGG ATG TCC GAT COG CC-3' 

RHuVk2rBACKFv 5' -GGA GAC TGA GTC ATC ACA ACA TCC GAT COG CC-3' 

RHuVK-3aBACKFv 5' -GGA GAC TQC GTC AAC ACA ATT TCC GAT COG CC-3' 

RIIiiVk4hBA(!KFv 5' -GGA GAC TGG GTC ATC ACG ATG TCC GAT COG CC-3' 

KHuVfcftaBACKFv 5' -GGA GAC TQC GTG AGT GTC GTT TCC GAT COG CC-3' 

RHuVrilaBACKFv 5'-GGA GAC TGA GTC AGC ACA ATT TCC GAT COG CC-3' 
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Table 1 (continued) 



Reverse \ x for soFv linker 

RHuVjlflACKIKv 5* -GGC GX TQC GTC AAC ACA GAC TQC GAT OOG OCA OCXS OCA GAG-3 » 

KHuVilBAC , K2Kv S'-QCA GGC TGA GTC AGA OCA GAC TQC GAT COG OCA OOG OCA GAG-3* 

R Hu V ABACK 3a Fv S'-GGT G9C TGA GTC AGC ACA TAG GAC GAT COG OCA COG CCA GAG-3' 

RHuVABACK3bFv 5* -GOG TOC TGA GTC AGC TCA GAA GAC GAT OCG OCA COG CCA GAG-3* 

RHuYVJ*ACK4Fv 5' -GGC GGT TGA GTC AGT ATA ACG TGC GAT COG CCA OCG OCA GAG-3' 

KHuVABACK5Kv • 5' -GAC GQC TGA GTC AGC ACA GAC TQC GAT OCG CCA OCG CCA GAG-3 1 

KHiiVARACKfiFv S'-TGG G9C TGA GTC AGC ATA AAA TTC GAT OCG CCA OCG OCA GAG-3' 

J ). Rtamplifiattion milk primers containing restriction sites 
Human V„ hack primers 

HuVH I a HACK Sfi 5'-GIC CTC GCA ACT GOG GCC CAG OCG GCC ATG GCC CAG GTG CAG CTG GTG CAG TOT GG-3' 
HuVM2aBACKSfi 5' -GTC CTC GCA ACT GOG GCC CAG OOG GCC ATG GCC CAG GTC AAC TEA AGG GAG TCT GG-3* 
HiiVH.'taHACKHfi 5' -GTC CTC GCA ACT GOG GX CAG COG GCC ATG GCC GAG GTG CAG CTG GTG GAG TCT GG-3' 
H u VH 4a MACK Sfi 5' -GTC CTC GCA ACT GOG GX CAG COG GCC ATG GX CAG GTG CAG CTG CAG GAG TOG GG-3' 
HuVH5aBA( KKfi 5' -GTC CTC GCA ACT GOG GX CAG OCG GX ATG GX CAG GTG CAG CTG TTG CAG TCT QC-3' 
HuVHOaBACKSfi 5' -GTC CTC GCA ACT GOG GX CAG OCG GX ATG GX CAG GTA CAG CTG CAG CAG TCA GG-3 1 

Human *) K forward primers 

HuJkI BACK Not 5' -GAG TCA TTC TOG ACT TGC GX CGC ACG TTT GAT TTC CAC CTT GGT OX-3' 

Hii.Jk'2 BACK Not 5' -GAG TCA TTC TOG ACT TGC GX CGC ACG TTT GAT CTC CAG CTT GGT OX-3* 

HijJkJI BACK Not, 5 '-GAG TCA TTC TOG ACT TGC GX CGC ACG TTT GAT ATC CAC TTT GGT OX-3' 

Hli.Jfc4BACKNnt 5 '-GAG TCA TTC TCG ACT TGC GX CGC AGG TTT GAT CTC CAC CTT GGT OX-3* 

Hu.Jhrf) BACK Not 5'-GAG TCA TTC TOG ACT TQC GX CGC AGG TTT AAT CTC CAG TOG TGT OX-3' 

Human J a forward primers 

H u.J A I FOR NOT 5 '-GAG TCA TTC TOG ACT TQC GX CQC ACC TAG GAC GGT GAC CTT GGT OX-3' 

Ilu.j;.2-:JFOKNOT 5'-GAG TCA TTC TCG ACT TGC GX CQC AX TAG GAC GGT CAG CTT GGT OX-3' 
Hu.U4-r>FORNOT 5 '-GAG TCA TTC TOG ACT TGC GX CGC ACY TAA AAC GGT GAG CTG G3T OX-3 1 



glucose (2xTY-AMP-GLU) and 15% (v/v) glycerol for 
storage at — 70 °G as a library stock. 



(e) Rescue of phagemid libraries 

To rescue phagemid particles from the library, 100 ml 
of 2 xTY-AMP-GLU was inoculated with 10 9 bacteria 
taken from the library stock (approx. 10 /d) and grown 
for 1-5 h, shaking at 37 °C. Cells were spun down (IEC- 
Centra 8, 4000 revs/ m in for 15 min) and resuspended in 
100 ml of prewarmed (37 °C) 2 x TY broth containing 
100 /ig ampieillin/ml (2 x TY-AMP), 2xl0 10 plaque- 
forming units of VCS-M13 (Stratagene) particles were 
added and the mixture incubated 30 min at 37 °C without 
shaking. The mixture was then added to 900 ml of 2 x TY 
broth containing 100 /ig ampieillin/ml and 25 /tg kana- 
mycin/ml (2 x TY-AM P-KAN), and grown overnight, 
shaking at 37 °C. Phage particles were purified and 
concentrated by three PEG -precipitations (Sambrook et 
aL, 1990) and resuspended in PBS to 10 13 transducing 
units/ ml (am piei II in -resistant clones). 



(f) Selection of phOx. BSA binders using tubes 

For selection, 75 minx 12 mm irnmuno tube (Nunc; 
Maxisorp) was coated with 4 ml of phOx:BSA (1 mg/ml; 
14 phOx per BSA: Miikela et aL, 1978) in PBS overnight 
at room temperature. After washing 3 times with PBS, 
the tube was incubated for 2 h and 37 °G with 2% MPBS 
for blocking. The wash was repeated and phagemid 
particles (I0 13 t.u.) in 4 ml of 2% MPBS added, incu- 
bated 30 min at room temperature, systematically 
inverting the tube using a rotating turntable, and then 
left undisturbed for a further 15 h at room temperature. 
Tubes were then washed 20 times with PBS, 0*1% (v/v) 
Tween 20 and 20 times with PBS (each washing step was 



performed by pouring buffer in and out immediately). 
Bound phage particles were eluted from the tube by 
adding 1 ml of 100 mM-triethylamine. inverting the tube 
using a rotating turntable for 15 min. The eluted material 
was immediately neutralized by adding 0*5 ml of 
1*0 M-Tris* HC1 (pH 7*4). Phage were stored at 4 C C. 
Eluted phage (in 1-5 ml) were used to infect 8 ml of 
logarithmic growing E. coli TGI cells in 15 ml of 2 xTY 
broth, and plated on TYE-AMP-GLU plates as described 
above, yielding on average 10 7 t.u. For selection of 
phOx:BSA binders, the rescue-selection-plating cycle 
was repeated 4 times, after which phagemid clones were 
analysed for binding to both phOx:BSA and BSA. 

(g) Selection for lysozyme binders by 
panning and by affinity column 

A circular Petri dish (35 mm x 10 mm Falcon 3001 
Tissue culture dish) was used for enrichment by panning. 
During all steps, the plates were rocked on an A GOO 
rocking plate (Raven Scientific). Plates were coated over- 
night with 1 ml of TEL (3 mg/ml; Sigma) in 
50 mM-sodium hydrogen carbonate (pH 9 0), washed 3 
times with 2 ml of PBS, and blocked with 2 ml of 2% 
MPBS at room temperature for 2 h. Approximately 
10 13 t.u. phage in 1 ml of 2% MPBS were added per 
plate, and left rocking for 2 h at room temperature. Plates 
were washed for 5 min with 2 ml of the following solu- 
tions: 5 times with PBS; PBS, 0-02% Tween 20; 50 mM- 
Tris • HG1 (pH 7*5), 500 mM-NaCl; 50 mM-Tris* HOI 
(pH 8-5), 500 mM-NaCl; 50 mM-Tris* HC1 (pH 95), 
500 mM-NaCl and finally 50 niM-sodium hydrogen carbo- 
nate (pH 96). Bound phage particles were then eluted by 
adding 1 ml of 100 mM-triethylamine and rocking for 
5 min before neutralizing with 0 5 ml of 1 M-Tris * MCI 
(pH 7*4). Eluted phage was used to infect logarithmic 
growing E. coli TGI as described above. 
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Alternatively, TEL-Sepharose columns were used for 
affinity purification. One ml columns of TEL coupled 
to Sepharose (as described by Ward et al. y 1989) were 
washed extensively with PBS, blocked with 5 ml of 
2% MPBS. and I0 13 t.u. phage in I ml of 2% MPBS 
loaded. Columns were washed with 50 ml of PBS; 10 ml 
of PBS. 0 02% Tween 20; 5 ml of 50 mM-Tris- HCI 
(pH 7-5), 500 niM-NaCI; 5 ml of 50 mM-Tris- HCI (pH 85), 
500 mM-NaCI; 5 ml of 50 mM-Tris- HCI (pH 9 5) 
500 mM-NaCI and finally 5 ml of 50 mM-sodium hydrogen 
carbonate (pH 9 0). 500 mM-NaCI. Bound phage were 
eluted using 1*5 ml of 100 mM-triethylamine and neutral- 
ized with 0-5 ml I M-Tris-HCI (pH 7-4). Eluted phage 
were used to infect logarithmically growing E. coli TGI as 
described above. 

For selection of lysozyme binders by either method, the 
rescue- selection -plating cycle was repeated 4 times, after 
which phagemid clones were analysed for binding by 
ELISA. 

(h) Hf'smc of pluujv or Holuhle. w/'V from 
individual phagemid clones for binding ELISA 

To rescue phage, single ampicillin-resistant colonies, 
resulting from infection of K. coli TGI with eluted phage, 
were inoculated into 150 p\ of 2 x TY-AMP-GLU broth 
in 96-well plates (Cell wells; Corning) and grown with 
shaking (250 revs/min) overnight at 37 °C. A 96-well plate 
replicator was used to inoculate approximately 4 p\ of the 
overnight cultures on the master plate into 200 //I fresh 
2 x TY-AMP-GLU. After 1 h, 50 /d of 2 x TY-AMP-GLU 
broth containing 10 8 p.f.u. of VCS-M13 was added to each 
well, and the plate incubated at 37 °C for 45 min without 
agitation. The plate was then shaken at 37 °C for 1 h after 
which time gluco.se was removed by spinning down the 
cells (T EC-Centra 8. 4000 revs/min for 15 min), and aspir- 
ating the supernatant with a drawn-out glass Pasteur 
pipete. Cells were resuspended in 200 p\ 2xTY-AMP- 
KAN broth and grown for 20 h, shaking at 37°C. 
Supernatant containing phage was tested for binding by 
KMKA. 

To produce soluble scFvs. single ampicillin-resistant 
colonies of infected E. coli HB215I, a n on -suppressor 
strain (Carter et al.. 1985), were inoculated into 150 p\ of 
2xTY broth containing 100 fig ampicillin/ml and 01% 
glucose in 90- well plates and grown with shaking at 37 °C 
until an A 600 nm of 0*9 was reached. Expression of soluble 
scFv was induced by the addition of isopropyl 0-D-thio- 
galactopyranoside to a final concentration of 1 mM 
(J)eBellis & Schwartz, 1990) and the cultures grown over- 
night at 30 °C, Supernatant containing soluble scFv was 
taken for analysis by ELISA. 

(i) ELISA 

Analysis of phage for binding to ph()x:BSA, BSA or 
lysozyme by ELISA was performed on bacterial super- 
natants containing phage essentially as described by 
Clackson et al. (1991), with 100 /ig ph()x:BSA or BSA/ml, 
or 3 mg TEL/ml used for coating. The specificity of 
isolated clones was checked by ELISA of the soluble scFv 
fragments using plates coated with various proteins at 
1 mg/ml (hen egg ovalbumin, hen egg lysozyme, chymo- 
trypsinogen A, cytochrome c, bovine thyroglobin, glycer- 
aldehyde- 3 -phosphate dehydrogenase, chicken egg white 
trypsin inhibitor (Sigma), keyhole limpet haemocyanin 
(CalBiochem)). Binding of soluble scFvs to antigen was 
detected with the mouse monoclonal antibody 9E10 
(1 /ig/ml), which recognizes the C-terminal peptide tag 



(Munro & Pelham, 1980), and peroxidase -conjugated anti- 
mouse Fc antibody (Sigma), as described (Ward et al.. 
1989). 

( j) DNA fingerprinting of clones 

The diversity of the original and selected libraries was 
determined by PCR screening (Giissow & Clackson. 1989). 
Recombinant clones were screened befoi-e and after selec- 
tion by amplifying the scFv insert using primers LMB3 
(5' CAGGAAACAGCTATGAC. which sits upstream from 
the pelB leader sequence) and fd-SEQl (5'-G A ATTITCT- 
GTATGAGG, which sits in the 5' end of gene 3) followed 
by digestion with the frequent -cutting enzyme /MNl. The 
heavy and light chain variable regions from at least 2 
clones of each restriction pattern were sequenced using a 
Sequenase kit (USB) by the dideoxy chain termination 
method (Sanger et «/., 1977). The nucleic acid sequences of 
the V-regions were compared with a database of gerinline 
V-genes to determine the family of origin and extent of 
somatic mutation. 



(k) Frequency of lambda and kappa light chains 
in the unselected IgM library 

The frequency of lambda and kappa light chains in the 
unselected IgM library was determined by probing 
replica-plated colonies with either an equimolar mixture 
of the V x PCR primers (Table 1) or an equimolar mixture 
of family-specific V K framework 1 probes (Marks et al. 
1991). One hundred individual colonies from the unse- 
lected IgM library were replica-plated on 2 x TY-AMP- 
GLU plates and lifted onto nylon membranes (Hybond-N, 
0*45 /im). The membranes were treated as described 
(Buluwela et al, 1989) and then ultraviolet crosslinked for 
5 min (Stratalinker; Stratagene). Membranes were prehy- 
bridized for 20 min at 42°C in hybridization solution 
(0-9 M-NaCI, 009 M-Tris (pH 7 5), 6 mw-EDTA (pH 14). 
1 mM-sodium pyrophosphate, 0 5% (v/v) NP40, 0 0 mg/l 
rATP, 20 mg/l yeast RNA. 20 mg/l Ficoll 400, 20 mg/l 
polyvinylpyrrolidone and 20 mg/l BSA) and then hybrid- 
ized for 2 h at 42°C with 10 pmol of (y- 32 P)-1abelled 
oligonucleotide probe. Membranes were washed once at 
42°C for 10 min in 6xSSC (900 mM NaCi. 
90 mM-trisodium citrate, pH 7 0), 0-1% (w/v) SDS, 01% 
(w/v) sodium pyrophosphate, once for 15 min at 55 °C in 
3 M-tetramethylammonium chloride, 50 mM-Tris 
(pH 8 0), 01 % SDS, 2 mM-EDTA and exposed for 2 h on 
Fuji RX film. 

(1) Purification of scFvs and affinity determination 

The phOx binding scFv clone 15 (aphOxl5) and the 
TEL binding scFv clone 9 (aTEL9), which gave the stron- 
gest ELISA signals, were chosen for affinity determina- 
tion. Colonies of E. coli HB2151, a non -suppressor strain, 
harbouring the appropriate phagemid were used to inocu- 
late 10 1 of 2 x TY containing 100 pg ampicillin/ml and 
01% glucose. The cultures were grown to an A 60Q nm of 
0-9 and expression of soluble scFv induced by the addition 
of IPTG to a final concentration of 1 mM (DeBellis & 
Schwartz, 1990). Supernatant was concentrated 8-fold by 
ultrafiltration (Filtron; Flowgen) and 200 ml loaded onto 
a 5 ml column of Protein A-Sepharose crosslinked by 
dimethylpimelidate (Harlow & Lane, 1988) to the mono- 
clonal antibody 9E10 that recognizes the C- terminal 
peptide tag (Clackson et al, 1991; Munro & Pelham. 
1986). The column was washed with 100 ml of PBS; 10 ml 
of PBS, 0 5 M-NaCl; 10 ml of 0 2 M-glycine (pH G O); and 
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10 ml of 0*2 m -glycine (pH 5 0). The scFv fragment was 
elated with 10 ml of 0-2 M-glycine (pH 30), neutralized 
with Tris base and dialysed into PBSE (PBS buffer 
containing 0-2 niM-EDTA). Supernatant from a separate 
induction of the aTEL9 scFv was purified on lysozyme- 
Sepharose (Ward et al. t 1989). 

Affinities were measured by fluorescence quench tech- 
niques, based on the quenching of tryptophan fluores- 
cence by the bound hapten or antigen (Eisen 1964; Foote 
& jVlilstein, IfMH; .J. Foote & (J. Winter, unpublished 
results). All measurements were made with a Perkin- 
Elmer LS-5B spectrofluori meter, using an excitation 
wavelength of 280 nm. Antibody (0 9 ml) in PBSE, was 
placed in a 4 mm x 10 mm cuvette in the instrument, and 
held at 20°C. 

For determination of the affinity of otphOxIS, fluores- 
cence quench titration was performed essentially as 
described by Foote & Milstein (1991). A regime of hapten 
excess was used: the antibody concentration (100 nM) was 
at most equal to the lowest concentration of hapten. 
Negligible volumes of the hapten 4-y-amino-butyric acid 
methylene 2-phenyl-oxa7,ol-5-one (phOx-GABA) were 
added to ocphOxl5 protein to cover a concentration range 
of 0 2 to 4 times the preliminary estimate of the dissocia- 
tion constant (500 nM), and the fluorescence detemined 
1 min after each addition. Emission was monitored at 
340 nm. Data were averaged from 3 runs and the value of 
the equilibrium constant was obtained from a least- 
squares fit of the data to a hyperbola. 

Fluorescence quench titration was also used to deter- 
mine the affinity of aTEL9 (Eisen, 1964; J. Foote & G. 
Winter, unpublished results). aTELO protein at 200 mM 
was titrated to 2-fold molar excess with TEL (Sigma) in 
PBSE, sample fluorescence being determined 1 min after 
each addition. Emission was monitored at 350 nm and the 
titration repeated 0 times. Five identical titrations with 
TEL were also performed on aph()xl5 as control. The 
fluorescence data from each of the 6 titrations of ocTEL9 
wore subtracted from the mean fluorescence, values from 
the 5 control titrations of <xphOxl5 to account for the 
fluorescence contributed by the added TEL. To obtain the 
equilibrium constant, fluorescence data, averaged from 
the 6 corrected titrations of aTEL9, were fit by least- 
squares to a hyperbola. 

(m) Western blot 

Western blotting was performed essentially as 
described by Towbin et al. (1979). Samples (10 jug and 



1 /(g) of TEL were subjected to SDS/PAGE (Laemmli. 
1970) and protein transferred by elect roblot ting to 
Tmmobilon-P (Millipore). The blot was blocked with PBS. 
3% BSA for 20 min and then incubated with aTELO 
(1 //g/ml) in PBS, 3% BSA for 1-5 h. Binding of aTEL9 to 
lysozyme was detected with 9E10 (1 ugjml) and pcroxi- 
dase-conjugated anti-mouse Fc antibody (Sigma) as 
described Ward et al. (1989). 



3. Results 

(a) Generation of scFv gene repertoires and libraries 

Single bands of the correct size for V H , V K and V ; 
cJ)NA were obtained after amplification of first 
strand cDNA made from RNA primed with the 
appropriate constant region primer (Table 1). No 
bands were obtained in the absence of a primer in 
the first strand cDN A reaction, indicating that the 
products resulted from the amplification of RNA 
and not DNA. A major band of the appropriate size 
for an assembled scFv gene was obtained when the 
V H and V K , or V H and V A , were combined with linker 
DNA in a PCR reaction. No product was obtained 
in the absence of linker DNA (data not shown). 

Libraries of 2-9 xlO 7 V„ M -V L scFv clones (IgM 
library) and 1-6 x 10 8 V„ y -V L scFv clones (TgC 
library) were obtained (Fig. 2). Analysis of 100 
colonies from the IgM library by probing revealed 
that 81 carried either kappa or lambda light chains 
(45 (56%) for lambda and 36 (44%) for kappa). 
Analysis of 48 clones from each unselected library 
(IgM and IgG) indicated that greater than 90% of 
the clones carried an insert, and the libraries 
appeared to be extremely diverse as judged by the 
BstNl restriction pattern (Fig. 3(a)). 

(b) Isolation and characterization of binders 

Phagemid particles were rescued from the library 
by superinfection with helper phage and selected by- 
passing over either immobilized TEL or phOx:BSA. 
Eluted phage were used to infect E. coli, the library 
was again rescued with helper phage and the 
phagemid particles were subjected to a second 
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Figure 2. The origin of V-gones in the phage libraries. RNA made from 10 8 B-lymphocytes was primed with constant 
region-specific primers (for IgM, 1g(2, O and CU) and 1st strand cDNA synthesized. Portions of 1st strand cDNA were 
used to amplify V H/I and V lly genes, and V K and V A genes. The V-genes were assembled together in separate PCR assembly 
reactions to generate 4 distinct scFv repertoires: V^-V,. V^-V^ V„ -V K and V H /VY The V H „-V K and V H „-V A repertoires 
were combined and cloned to generate a V H „ scFv library of 2 9 x 10* clones. Likewise the V Hy -V K and V Hy -V A repertoires 
were combined and cloned to generate a V Hy scFv library of 16 X I0 8 clones. 
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Figure 3. Bstm fingerprinting of scFv clones. The scFv insert was amplified from individual colonies, the product 
digested with Bsm and analysed on an agarose gel. M, *X174 DNA //aelll-digested molecular weight markers 
(a) Lanes 2 to 12 and 14 to 23 are digests from colonies from the library before selection, (b) Lanes 2 to 12 and 14 to 11 
are digests from 21 random colonies after 4 rounds of panning of the IgM library on TEL. Lanes 22 and 23 are digests of 
2 other TEL binding clones obtained after 4 rounds of selection of the IgM or IgG library on a TEL column, respectively. 



round of affinity purification. Four rounds of 
rescue-selection-infection were performed. Clones 
binding TEL, J38A and phOx were identified after 
four rounds of selection of the IgM library (Table 2). 
In contrast only clones binding TEL were identified 
after four rounds of selection of the IgG library 



(Table 2). Unselected clones and clones isolated 
after one and two rounds of selection showed no 
binding. Comparison of the frequency of binders to 
TEL and BSA obtained after three and four rounds 
of selection indicates up to 50-fold enrichment in the 
fourth round of selection. Thus, these binders must 



Table 2 

Frequency of binding clones from scFv libraries before and after selection 

Rounds of selection 





0 


1 


2 


3 


4 


A. IgM library 

Human anti-TEL: panning 
Human anti-TEL: columns 
Human anti-USA: panning 
Human anti-phOx: panning 


0/864 

0/192 
0/192 


0/192 

0/192 
0/192 


0/192 

0/192 
0/192 


3/192 

2/192 
0/192 


94/192 
19/96 
43/90 
1/96 


B. It/i library 

Human anti-TEL: panning 
Human anti-TEL: columns 
Human anti-BSA: panning 
Human anti-phOx: panning 










0/96 
6/96 
0/96 
0/96 



Panning, antigen coated on Petri dish; columns, antigen covalently linked to fcepnarose column; igiu nun»ry, mh B 
(scFv) with V„ genes derived from IgM mRNA; IgG library, scFv genes with V„ genes derived from IgG mRNA. 
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Figure 4. tSpeeificity of soluble single chain Fvs (scFvs). Binding was determined by ELISA to a variety of proteins. 
aTEL9, aTKL13 and <xTKLI4 = 3 anti-turkey lysozyme seFvs; <xphOxl5 = anti-2-phenyloxazole-5-one scFv: a BSA 3 = 
anti-bovine serum albumin scFv. Antigens: TEL (filled box), phOx-BSA (hatched box), BSA (stippled box): other 
antigens (open box) = keyhole limpet haemocyanin, bovine thyroglobulin, ehymotrypsinogen A, hen-egg ovalbumin, 
cytochrome c, hen egg lysozyme, hen egg trypsin inhibitor, glyceraldehyde-3-phosphate dehydrogenase, and plastic*, 
plastic. 



have been present in the original library at a 
frequency of I per 0-25 x 10 6 clones (I/50 4 ) if enrich- 
ment were equal over the four rounds of selection. 

/taNI fingerprinting of 23 lysozyme binding 
clones from the IgM library indicated the presence 
of three different digestion patterns, whereas the six 
lysozyme binding clones obtained from the IgG 
library all had the same restriction pattern 
(Fig. 3(b), and data not shown). The HstNl finger- 
printing of 35 USA binding clones indicated the 
presence of only one digestion pattern (data not 
shown) which was different from the pattern of the 
phOx binding clone. 

The sequences of the variable regions of multiple 
clones representing the different restriction patterns 
indicated that there were four unique TEL binders 
(aTEL9, aTELI3, aTELU and oTELlG), one BSA 
binder (al*SA3) and one phOx binder (<xph0xl5) 
(Table 3). The V H s were derived from four different 
V|| families and five different V H germ line genes 
(Table 5). The light chains were mainly lambda 
(5/6) and were derived from four different light 
chain families and germline genes (Table 5). Both 
V -genes of a BSA 3 were un mutated compared to 
germline (Tables 4 and 5), Similarly, the V-genes of 
aphOxlf) were minimally mutated from germline (4 
differences with VH 380*6 (Berman et a/., 1988) and 
six with 1GLV3SI (Frippiat et al, 1990)). Two other 
antibodies (aTEL13 and <xTEL16) had heavy chains 
that are more extensively mutated (11 and 18 
changes from VI 1251 (Sanz et al., 1989)). Only upper 
estimates of mutation are possible for the other 
chains (Tables 4 and 5), as the sequences of all the 
germ-line V-genes from these families are not 
known. Finally, the TEL binder isolated from the 
IgG library (aTELlfi) was highly related to one of 
the IgM TEL binders (aTEL13), and with a greater 
degree of somatic mutation. 



(c) Specificity of binding 

Soluble antibody fragments were readily prepared 
by growth of E. coli HB2151, a non-suppressor 
strain, carrying the phagemid (Hcrogenboom et al., 
1991). Soluble scFvs of aphOxl5, aBSA3, aTEL9, 
aTEL13 and aTEL14 were highly specific in an 
ELISA to test cross-reactivity (Fig. 4). The aTELFG 
scFv, isolated from the IgG library, could not be 
detected in ELISA as a soluble fragment, probably 
due to its low affinity. 



M 2 3 4 5 




Figure 5. Purification of scFvs protein from a bacterial 
supernatant. M, molecular weight markers (xl(T 3 ). 
Lane 2, unpurified bacterial supernatant; lane 3, aTEL9 
scFv protein purified on a lysozyme-Seph arose column; 
lane 4, ocTEL9 scFv protein purified on column of anti- 
body 9E10 directed against the c-myc tag; lane 5. 
aphOxIS scFv protein purified as in lane 4. 
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Table 5 

V -gene family, germline derivation and extent of somatic hypermutation of antigen-specific clones isolated from 

unimmunized libraries 
V„ __________ 



Differences from Differences from 

(.lone Family Germline gene germline Family Germline gene germline 



«BSA3 V H3 VH1-9III 0 V A3 IGLV3S1 0 

aphOxIS V H1 VH3806 4 V AI JMVA1A 7 

aTELO V ll4 U5I4A(U514G) <22 V Kt . HK137 <2() 

aTKLM V ll4 U4H <19 V A3 IGLV3SI <I0 

«TKLI3 V If5 VH25I 11 V A2 JMVA2F <3I 

otTELlG V ll3 VH251 18 V A2 JMVvl2F <38 



aBSA3, bovine serum albumin binder; ocph()xl5, 2-phenyl-oxazo1-5-one binder; aTEL9, aTEL13, aTELl4 and «TEL16, turkey egg 
lysozyme binders. References for germline genes: see Table 4. 



(d) Protein purification and binding affinity 

Soluble scFv oTK!L9 was purified in one step on a 
TEL-Sepharose column or via its e-mt/c peptide tag 
on a 9EI0 antibody column (Fig. 5). Soluble scFv 
aphOxlS was purified in one step on a 9E10 column 
(Fig. 5). Typical yields were 2 mg/l after purifica- 
tion on 9E10 and 5 to 10 mg/l after purification on 
an antigen column. The dissociation constant of the 
<xTEL9 scFv was 86(±61) nM and the dissociation 
constant of the aphOxlS scFv was 534( + 72) nM. 
The high standard error observed for the dissocia- 
tion constant of aTEL9 has been observed for hen 
e gg lysozyme binding antibodies using this tech- 
nique. However, equilibrium constants obtained by 
fluorescence quench titration are consistent with 
those deduced by the more precise pseudo-equili- 
brium relaxation method (J. Foote & G. Winter, 
unpublished results). Finally, soluble aTKL9 scFv 
could be used to detect lysozyme (1 /(g) in a 
Western blot (data not shown). 



4. Discussion 

We used a phage display library utilizing V-gene 
repertoires to isolate antibody fragments of reason- 
able affinity against three different (foreign) anti- 
gens. The two donors were unimmunized, and their 
serum TgM antibodies did not appear to bind to the 
antigens TEL or phOx-BSA as there was no differ- 
ence in signal intensity in wells coated with antigen 
compared with control wells not containing antigen. 
Furthermore most of the VH genes of the binders 
derive from the IgM (naive and primary response 
B-cells) rather than the TgG mRNA (secondary 
response B-cells). Each of the heavy and light chain 
pairings in Table 5 is unique and contrasts with the 
promiscuous pairings (in which one chain is asso- 
ciated with more than one partner) noted in libra- 
ries from the IgG mRNA from immunized animals 
(Clackson et al, 1991; Caton & Koprowski, 1990; 
Persson et aL, 1991). Therefore, the library appears 
to be naive with respect to these antigens. 

A recent attempt to isolate human antibodies 
from an unimmunized donor using a X phage 



random combinatorial library failed (Persson et a/ M 
1991). The library (10 6 members) was constructed 
from IgG mRNA using only PGR primers for V H i. 
Vh3» V Kl an d V k3 gene families and was screened 
for antigen binding using nitrocellulose fillers. 
However, library size, diversity and binding thres- 
hold determine the chances of isolating binders. The 
probability (p) that an epitope is not recognized by 
at least one antibody in a library depends on the 
probability {p[K]) that an individual antibody 
recognizes a random epitope with an affinity above 
a threshold value ([K]) and on the number of 
different antibodies (N) according to the equation 
p = e~ NplK] (Perelson, 1989). 

We attempted to maximize the size of the library 
by using a pUC-based phagemid (Hoogenboom et 
aL y 1991) that has higher transformation efficiencies 
than fd vectors. Indeed our library sizes (10 7 to 10 8 
members) were at least an order of magnitude 
greater than with phage fd (Glackson et a/., 1991). 
We also attempted to maximize diversity by using 
primers optimized for each V-gene family, as well as 
utilizing IgG and IgM mRNA and both k and X light 
chains. The V H genes of the binders belong to four 
different families (V H families 1, 3, 4 and 5), as do 
the light chain genes (V A families 1, 2 and 3, and V, 
family 1). Furthermore, most (5/6) of the binders 
were derived from the IgM mRNA, perhaps 
reflecting the greater diversity of V H genes. Indeed 
the only binder from the IgG mRNA (oTEL16) had 
the poorest binding affinity and/or decreased 
expression and was barely detectable by EL1SA. 

The chances of finding a phage with binding 
activity also depend on its affinity and the efficiency 
and number of rounds of selection. Roth phage 
(McCafferty et a/., 1990; Scott & Smith, 1990) and 
phagemid (Hoogenboom et aL, 1991; Bass et ai, 
1990) vectors have been used to display peptide or 
protein fusions with g3p. The phage vectors allow 
three copies of the g3p fusion protein on each phage 
particle (Glaser-Wuttke et aL, 1989), whereas the 
g3p fusion protein encoded by phagemid vectors has 
to compete with the g3p of the helper phage for 
incorporation into the phagemid particle. Although 
phage vectors should permit isolation of a greater 
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number of hinders, by virtue of the avidity of 
binding of the multivalent antibody heads, many 
will have poor affinities. To enrich for the higher- 
affinity antibodies, we used phage mid vectors. We 
noted lower selection efficiencies with phagemid 
(50-foid/round), compared to 675 to 1000-fold per 
round for phage vectors (Clackson et aL, 1991; 
McCafferty et al, 1990). We found that three or four 
rounds of selection were required to isolate the 
binders, and estimate that only one or two copies of 
each were present in the original library of 3x 10 7 
members. 

The binders utilize both germline and mutated 
V-genes. Most of the differences are likely to have 
arisen as a result of somatic mutation of the V-genes 
in the original B-eells, but some may have arisen 
during the PCR amplification and assembly process. 
Indeed the heavy chain of aTKL9 may have arisen 
from a cross-over during PCR amplification between 
rearranged V H -genes from two highly related 
germline genes U5I4A and U514G (Table 4). 
Surprisingly, most of the binders (5/6) utilized V A 
rather than V K genes despite their equal represen- 
tation in the unselected library. However, human 
hybridomas prepared by IflBV immortalization 
often M terete IgM and k chains (Thompson et aL, 
.1991), and during maturation of the immune 
response, the repertoire may shift from IgM, X anti- 
bodies to TgG, k (Thompson et aL, 1991; J. Bye, N. 
Hughes- J ones. J. I). Marks & G. Winter, unpub- 
lished results). 

By using phagemid vectors we can mimic the 
switch of antibody from its display on B-cells to its 
seen* ti on by plasma cells. By interposing a stop 
eodon between the antibody and g3p, the antibody 
fragments can be switched between surface display, 
or secretion as a soluble fragment from bacteria, by 
growth in suppressor or non-suppressor strains of 
bacteria (Hoogenboom et aL, 1991). The affinities of 
two of the soluble antibody fragments aphOx!5 and 
<xTKL9, prepared in this way, as determined by 
fluorescence quench (A' a = 2x 10 6 m" 1 and 10 7 M , 
respectively), appear similar to those of human IgM 
antibodies derived from IMJLs after immunization. 
For example the affinities of human TgM antibodies 
directed against rhesus 1) antigen, and made by 
RBV immortalization of PBLs from immunized 
donors lie in the range of l() 7 M~ l (Hughes-Jones & 
Gorick, 1991). 

The antibody fragments isolated from the library 
are also highly specific (Fig. 4) to the antigen used 
in panning. For example, those fragments isolated 
using TKIj did not bind to a range of other protein 
antigens, including hen egg white lysozyme that 
differs by only seven amino acids (Tmoto et at., 
1972). The monovalent aTEL9 fragment could even 
be used in Western blotting but the sensitivity (1 /xg 
TKL) was poor. 

Although we can make human antibodies with 
reasonable affinity and specificity, a yet more 
diverse and large library should enable the isolation 
of even higher-affinity antibodies (Perelson, 1989). 
For example, the rearranged V H genes would reflect 



more the naive B-cell repertoire if they had been 
prepared from the mRNA of membrane-bound IgM 
or IgD (for example, by basing primers for cDNA 
synthesis in the membrane anchor region). Other 
diverse libraries might be constructed by assembling 
unrearranged V-genes with synthetic D and J 
elements, or by assembling diverse antigen binding 
loops on a common structural framework (Milstein. 
1990). Larger libraries could be made by improving 
transfection and ligation efficiencies and by scale- 
up, or by encoding repertoires of light chains on one 
vector and heavv chains on another (Hoogenboom 
et aL, 1991). 

Alternatively higher-affinity antibodies might be 
made by mutating the binders and selecting those 
with improved affinity (Winter & Milstein, 1991). 
Point mutants could be made in a variety of ways; 
for example, using an error-prone polymerase (Lino 
& Wise, 1990), spiked oligonucleotides (Hermes et 
aL, 1989), or growth of the phage in mutator strains 
of bacteria (Schaaper, 1988; Yamagishi et aL, 1990). 
For more extensive variation, artificial cross-overs 
could be induced with related genes using the poly- 
merase chain reaction (Meyerhans et aL. 1990). or 
light or heavy chains replaced by repertoires 
(Clackson et aL, 1991). Selection of antibodies on 
phage according to affinity has demonstrated that, 
for example, high-affinity binding phage (10 8 M~ l ) 
can be fractionated 10 4 -fold with respect to low- 
affinity phage (10 5 M" 1 ) using only two rounds of 
selection (Clackson et aL, 1991). By using several 
rounds of selection and adjusting the coating 
density of the antigen used for panning, it is also 
possible to select between phages bearing antibodies 
that are much closer in affinity. However, phagemid 
vectors leading to display of only a single copy of 
the antibody on the surface of the phage are prefer- 
able for selection between phages with closely 
related affinities when using antigen immobilized on 
solid phase (T.P.B. & G.W., unpublished results). 

For making high-affinity antibodies, phage 
display libraries built from the spleen mRNA of 
hyperimmunized animals (Clackson et aL, 1991). or 
PBL mRNA of deliberately immunized humans 
remain attractive. However, immunization is often 
difficult, and new libraries have to be constructed 
for each antigen. In contrast, a single library made 
without immunization may provide a rich source of 
antibody specificities, including those directed 
against "naive" antigens (as described above), 
common pathogens or self antigens. For example, 
from the same library as above, we have isolated 
specificities directed to human blood group B, 
human tumour necrosis factor-a, and a human 
monoclonal antibody (our unpublished results). We 
propose the term "natural" libraries for those 
derived from unimmunized donors, and envisage 
that human antibodies of many specificities will be 
made in the future by panning a single large natural 
phage display library with antigen. 
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MONOCLONAL ANTIBODIES TO HUMAN TUMOR 
NECROSIS FACTOR a: IN VITRO AND IN 
VIVO APPLICATION 

Achim Moller, 1 * Franz Emling, 2 Dietmar Blohm, 3 Erich Schlick, 1 
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Three stable murine hybridoma cell lines, which secrete monoclonal antibodies (mAb) to human 
tumor necrosis factor a (TNFa), were established. None of the monoclonal antibodies 
cross-reacteckwith lymphotoxin, interleukin 2 (IL 2) or Interferon y (IFN7). The highly 
species-specific monoclonal antibody, designated as mAb 195, neutralizes the cytotoxic activity 
of human and chimpanzee TNFa. This antibody was further used during in vivo studies to 
neutralize human TNFa in a murine animal model. The mAb 114 is a weakly neutralizing 
antibody that binds to a different epitope of TNFa than mAb 195. mAb 114 shows a wide range of 
cross-reactivity with TNFa of the following species: dog, pig, cynomolgus, rhesus, baboon and 
chimpanzee. The mAb 199 binds to human TNFa, but does not neutralize the cytotoxic activity. 
The epitope recognized by this mAb is in close proximity to mAb 114. A reproducible, sensitive 
immunoassay for human TNF7a has been developed using the antibodies mAb 199 and mAb 195. 
The test is performed within 6 hr and detects TNF7a in serum samples, with a limit of detection 
of 5 to lOpg/mL. 
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Tumor necrosis factor a (TNFa) was originally 
described as a serum factor produced in mice after an 
infection with Bacillus Calmette-Guerin and subse- 
quently challenged with endotoxin. 1 It causes necrosis of 
Meth A sarcoma in mice. Subsequent studies showed 
the cytotoxic or cytostatic features of TNFa for a 
number of cell lines in vitro 2,3 and antitumoral effects in 
several in vivo murine tumor models. 4 Recent evidence 
shows that TNFa is a regulatory polypeptide and 
mediates inflammation and cellular immune responses. 5,6 
It forms a complex network of interactive signals with 
other lymphokines as well as regulating production, 
growth, and differentiation of cells involved in inflamma- 
tion, immunity, and hemopoiesis. 7 

Aggarwal, et al 8 described* the purification of this 
cytotoxic factor from the human promyelocyte leuke- 
mia cell line HL60. Human TNFa is secreted as an 
unglycosylated 157-amino-acid polypeptide of relative 



'BASF Bioresearch Corp., Cambridge, MA, 

2 Knoll AG, Department of Oncology, Ludwigshafen, FRG 

*BASF AG, Hauptlaboratorium, Ludwigshafen, FRG 

*To whom reprint requests should be addressed. 

© 1990 by W.B. Saunders Company. 

1043-4666/9O/O2O3-OO02$O5.OO/O 

KEY WORDS: Monoclonal antibodies/Tumor necrosis factor a/ 
ELISA/In vivo use 



molecular mass of 17350 Dalton. Lipopolysaccaride 
(LPS) is a potent trigger for TNFa production. 9 * 1011 It is 
mainly secreted by macrophages but also produced by 
T lymphocytes and natural killer cells after stimula- 
tion. 12,13,14 

TNFa was cloned in Escherichia coli and a biologi- 
cally active protein was expressed. 15 Using recombinant 
DNA techniques, we were able to produce large quanti- 
ties of TNFa for crystallization experiments. Jones et 
al. 16 solved the structure of this lymphokine to a resolu- 
tion of 2.9 A. 

TNFa has been linked to various toxic manifesta- 
tions of infectious, neoplastic, or autoimmune diseases. 
For example, it has been implicated in the profound 
weight loss (cachexia) associated with chronic parasitic 
or bacterial diseases as well as with cancer. 5,17,18,19 The 
circulatory collapse and shock associated with acute 
bacterial infection, 20,21 the death of animals with cere- 
bral malaria, 22 and the development of acute graft-versus- 
host disease and graft rejection 23,24 are other examples of 
the major involvement of TNFa in disease. Because 
TNFa plays a role in many life threatening diseases, the 
development of a molecule neutralizing the biological 
effects of TNFa would be of clinical value. 

In this report, we describe the isolation of neutraliz- 
ing and non-neutralizing monoclonal anti-TN Fa antibod- 
ies. They bind to TNFa with higher affinity than any of 
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the previously described monoclonal anti-TNFa antibod- 
ies. Furthermore, the mAb 195 shows a highly restricted 
species specificity not described before. This antibody 
has been used at equimolar concentrations to neutralize 
the biological effects of human TNFa under in vitro and 
in vivo conditions. A combination of the antibodies mAb 
199 and mAb 195 was used to develop a highly sensitive 
sandwich immunoassay. 

RESULTS 

Production of Monoclonal Antibodies 

Spleen cells from mice showing high titers of 
antibody in their sera were fused with SP2/0-Agl4 
cells. Two weeks after fusion, culture supernatants were 
harvested from each well and assayed for the secretion 
of anti-TNFa antibodies using an enzyme immunoassay 
and the inhibition of cytolytic activity as described in the 
Materials and Methods section. Twelve positive cultures 
were identified and after two subcloning steps performed 
by limiting dilution, three monoclonal anti-TNFa anti- 
bodies were further investigated. We designated these 
monoclonal antibodies mAb 114, mAb 195 and mAb 
199. The general characteristics of these monoclonal 
antibodies are shown in Table 1. 

Epitope Mapping ofJNFa Using Monoclonal 
Antibodies 

The number of distinct TNFa antigenic epitopes, 
defined by the panel of monoclonal antibodies, was 
determined by an enzyme immunoassay that used an 
antibody competition method. Three epitopes were iden- 
tified, two of which reacted with the neutralizing antibod- 
ies mAb 1 14 and mAb 195. 

Fig. 1 depicts the inhibition experiments showing 
the competition between biotinylated mAb 1 14(a), mAb 
195(b) or mAb 197(c) and the unlabeled mAbs. In all 
cases tested, the binding of the labeled mAb was 
completely inhibited by the corresponding unlabeled 
mAb. The data shown in Fig. 1 suggest that the epitopes 
recognized by mAb 114 and mAb 199 are in close 
proximity. mAb 195 did not compete with the other 
mAbs tested, suggesting that the epitope recognized by 



TABLE 1 . General characteristics of the anti-human TNFa 
specific monoclonal antibodies mAb 114, mAb 195 and mAb 
199 





mAb 114 


mAb 195 


mAb 199 


lsotype 


Gl.K 


G3,k 


Gl,* 


Affinity Constant x 10 9 L/mole 


1.4 


3.5 


2.0 



The isotypes of the various mAbs were determined by specific reagents from 
Cappel. The deierminalion of the affinity constants was performed with a 
non-radioactive immunoassay using nonlinear-least-square- fit models. 
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Figure 1. Epitope mapping of TNFa. 

Binding of biotin-labeled monoclonal antibodies (A-C) to recombinant 
human TNFa was competed by unlabeled monoclonal antibodies, 
using as competitors unlabeled mAb 114 (closed square, ■), mAb 195 
(closed triangle, ▲) and mAb 199 (open hourglass, E). 



mAb 195 is located at a further distance than the other 
mAbs. mAb 114 has an influence on the mAb 195 
binding site but not vice versa. As TNFa can be detected 
on Western blots by the three different mAbs, this leads 
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to the speculation that all three epitopes consist of a 
sequential stretch of amino acids on the TNFa molecule. 

Characterization of Monoclonal Antibodies 

The mAbs were tested for binding to TNFa and 
related cytokines by enzyme immunoassay, and for 
neutralization of cytolytic activity. Both natural and 
recombinant TNFa were recognized equally well, while 
the monoclonal antibodies did not crossreact with Lym- 
photoxin (TNF/3), IL2, or IFN7 (data not shown). 

The studies for neutralization of TNFa cytolytic 
activity were done in the L929 assay and are shown in 
Fig. 2. The best neutralizing antibody, mAb 195, had a 
neutralization titer of 1,000 U TNFa neutralized//ig of 
purified IgG. Under the assumption that the TNFa 
molecule forms a trimeric complex in solution, 25 the 
activity of one TNFa molecule can be completely 
neutralized by three mAbs. The TNFa neutralizing 
activity of mAb 1 14 is reduced by a factor of 20 when 
compared to the activity of mAb 195. mAb 199, on the 
other hand, is able to neutralize the activity of TNFa 
only at extremely high concentrations (neutralization 
titer of 1.6 U TNFa neutralized//^ of purified IgG), 
defining mAb 199 as non-neutralizing. Human Lympho- 
toxin (TNF/S) shows the same cytotoxic effects on L929 
ceils in vitro as TNFa. Neither of the TNFa specific 
monoclonal antibodies mAb 1 14 and mAb 195 neutral- 
ized TNF0, even when tested at concentrations greater 
than two hundred times the amount required to neutra- 
lize TNFa. 
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Figure 2. Neutralization of the cytotoxic activity of human TNFa by 
mAbs 114, 195 and 199. 

A confluent monolayer of L929 cells is completely lysed by 12,5 
ng/mL TNFa after 48 nr. In the neutralization experiments, the 
monclonal antibodies mAb 1 14 (closed square, ■), mAb 195 (closed 
triangle, a) and mAb 199 (open hourglass, X) were incubated with 
antigen for 2 hr at room temperature prior to the assay. This time was 
sufficient to completely neutralize TNFa cytolytic activity. 
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TABLE 2. Neutralization of the cytotoxic activity of TNFa 
from different animal species 





mAb 114 


mAb 195 


Mouse 


- 


- 


Rat 






Rabbit 






Dog 


+ 




Pig 


+ 




Cynomolgus 


+ 




Rhesus 


+ 




Baboon 






Chimpanzee 


+ 


+ 


Human 


+ 


+ 



The TNFa activities in the supcrnatants of peripheral mononuclear cells of the 
different animal species were determined by the L929 cytotoxic assay. For the 
neutralization studies a dilution was chosen, which gave more than 80% 
cytotoxicity. Two-fold serial dilutions of monoclonal antibodies were prepared 
and incubated with the different supernatants for 2 hr at room temperature 
before the assay. 



Cross-Reactivity of Monoclonal Antibodies with 
TNFa from Different Animal Species 

The cross-reactivities of the monoclonal antibodies 
were tested by their abilities to neutralize TNFa in 
different species (Table 2). mAb 195 is highly specific. 
This is shown by its neutralization of only human and 
chimpanzee TNFa. mAb 114 neutralizes TNFa from 
other animal species, but does not react with mouse, rat, 
and rabbit TNFa. 

Characterization of Monoclonal Antibodies by 
Immunoblot 

The monoclonal antibodies were examined for their 
binding to sodium dodecyl sulfate (SDS) denatured 
TNFa in the presence of human serum. This was done 
using the immunoblot technique. 26 A representative blot 
is shown for mAb 1 95 in Fig. 3. The antibody bound the 
monomeric form of TNFa and did not show any 
cross-reactivity with human proteins. The same results 
were found for mAbs 114 and 199 (data not shown). 
These results indicate that the three monoclonal antibod- 
ies probably bind to sequential epitopes, which are not 
disrupted by treatment with SDS. 

Quantification of TNFa Using an ELISA Method 

A specific sandwich ELISA was developed as a 
potential diagnostic assay in order to monitor serum 
levels of TNFa in patients. Purified mAb 199 was 
adsorbed onto plastic micro-ELlSA wells and used to 
specifically bind recombinant or natural TNFa. Biotiny- 
lated mAb 195, followed by the streptavidin-peroxidase 
complex, was then used to detect bound antigen. After 
incubation with TM B solution, the absorbance of each 
well was measured with an automated SLT Easy reader. 
A typical standard curve is shown in Fig. 4. The same 
curve can be seen when TN Fa is titrated in 25% human 




Murine monoclonal anti-human TNFa antibodies / 165 



M r x 10 3 

94 - 
67 - 
43 - 

30 - 

20.1 - 

14.4 - 




i - mm 

'. ■ " M 



17 



column fractions from a typical purification, using both 
types of assays. The ratio of bioactive to immunoreactive 
TNFs (i.e., the specific activity) of all of the TNFa 
fractions was relatively constant (data not shown). This 
result demonstrates that there was no significant differ- 
ence in the levels of TNFa that were measured by 
ELISA or by bioassay. 

Neutralization of Human TNFa in the Mouse 

To investigate the potential in vivo use of the 
monoclonal antibodies, Balb/c mice were treated with a 
lethal dose of TNFa. The toxicity could be completely 
neutralized by mAb 195, as shown in Fig. 5. Tested at a 
0.3 M ratio to TNFa, the mAb 195 demonstrated only a 
minor effect on the survival of the mice; while given at a 
1:1.5 M ratio, mAb 195 completely blocked the toxic 
effects of human TNFa in the mouse. The control 
antibody, mAb 199, had no effect on human TNFa 
activity in the mice and neither monoclonal antibody 
mAb 195 nor monoclonal antibody mAb 199 alone had a 
toxic effect on the animals. 



Figure 3. TNFa immunoblot probed with mAb 195. 

Recombinant TNFa (0.2 Mg) was mixed with human serum and 
chromatographed on a 15% Laemmli gel. The gel was blotted and 
tested with mAb 195. The position of the TNFa is shown by the arrow, 
designated A, which indicates the estimated molecular weight in 
Daltons xlO 3 . 

serum (data not shown). The assay has a limit of 
detection of 5 to 10 pg/mL (2 times the standard 
deviation) and a linear range up to 300 pg/mL. The 
specificity was demonstrated by the lack of any signal 
generated by 10 Mg/mL TNF/3, IFN7 and IL2. 

In order to compare the results obtained from 
ELISA with the bioassay, we measured TNFa levels in 
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Figure 4. Standard curve for recombinant and natural TNFa ELISA. 

The open squares represent recombinant and the open circles natural 
TN Fa. Up to 1 0 jig/mL TNF0, IFN7 and !L 2 gave no signal. 



DISCUSSION 

In the present study, we have described the genera- 
tion of three high affinity murine monoclonal antibodies 
to human TNFa, which we have designated mAb 1 14, 
195, and 199. Although monoclonal antibodies against 
TNFa have previously been described, 20 ' 27 ' 28 ' 29 ' 30 ' 31 ' 32 the 
mAb 199 and, in particular, mAb 195 that are obtained 
here, are quite different and useful for evaluating the 
functions of TNFa under in vitro and in vivo conditions. 

We isolated two types of neutralizing monoclonal 
anti-TNFa antibodies that bind to distinct antigenic 
epitopes. The epitope recognized by mAb 195 is re- 




Figure 5. Neutralization of human TNFa in the mouse. 

Survival of Balb/c mice was determined ( 1 ) 24 hr after the injection of 
TNFa (2); TNFa + mAb 195, ratio 1:0.3 (3); TNFa + mAb 195, 
ratio 1:1.5, and (4) TNFa + mAb 199. 



166 / MbUeretal 

stricted to only human and chimpanzee TNFa. This 
antibody equally recognizes recombinant and native 
TNFa and does not show any cross-reactivity with such 
lymphokines as lymphotoxin, IL 2, and IFN7. The high 
binding constant and the above-mentioned specificity 
enabled us to use this antibody efficiently in neutraliza- 
tion studies. Under in vivo and in vitro conditions, about 
3 molecules of antibody per molecule of TNFa are 
sufficient for blocking the lethal or cytotoxic effects. 
Furthermore, in our murine system, we could apply the 
monoclonal antibody, mAb 195, even after the injection 
of TNFa and still find complete survival of the mice. 
Fendly et al. 31 postulated that mAbs neutralize the 
cytotoxicity of TNFa by blocking the binding of TNFa 
to its receptor. By fluorescent activated cell sorter 
(FACS) analysis it was shown that the monoclonal 
antibody mAb 195 can still bind when TNFa occupies 
the receptor. This suggests an additional mechanism for 
neutralization of the biological activity of TNFa (Heilig 
B, Moller A, and Dorken B, manuscript submitted for 
publication). The TNFa molecule can then be divided 
into a receptor binding and a neutralization area. The 
second neutralizing antibody, mAb 1 14, can bind simul- 
taneously with mAb 195 to TNFa. The epitope recog- 
nized by this monoclonal antibody is related spatially to 
mAb 199, the non-neutralizing antibody. These results 
support the above model that the biological activity of 
TNFa is not restricted to one unique site. 

The monoclonal antibodies mAb 195 and mAb 199 
were used to develop a sensitive sandwich ELISA assay. 
The ELISA was as sensitive as the bioassay and could 
discriminate between TNFa and TNF0, which the 
bioassay is unable to do. Furthermore, it is faster and 
easier to perform than the bioassay. 

The monoclonal antibodies, described here, should 
prove to be useful in the study of this cytokine's 
mechanisms of actions. The sensitive ELISA assay can 
be used to identify and quantitate TNFa in human 
diseases and for the monitoring of TNFa levels in 
patients undergoing TNFa treatment. The neutralizing 
antibodies can selectively neutralize TNFa cytolytic 
activity in an in vitro system, thereby separating the 
effects of TNFa from other cytokines in complex biolog- 
ical systems. Neutralizing anti-TNFa monoclonal anti- 
bodies may be able to block the side effects of TNFa in 
vivo, as shown by Tracey et al. 1987, 33 for septic shock 
during lethal bacteremia in baboons. 

Studies with polyclonal anti-TNFa antibodies in 
mice have also shown that this treatment almost com- 
pletely prevented the cutaneous and intestinal lesions of 
the acute-phase of Graft-versus-Host Disease and mark- 
edly reduced overall mortality. 23 In the studies of Grau 
et al. 22 the injection of a rabbit antibody to TNFa fully 
protects mice from cerebral malaria. TNFa-specific 
monoclonal antibodies may therefore provide a specific 
therapy for TNFa-mediated disorders. 
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MATERIALS AND METHODS 
Recombinant Lymphokines 

Recombinant human and murine TNFa were produced in 
E. coli and purified to 8 x 10 6 and 13 x 10 6 laboratory U/mg, 
respectively. 34 The materials appeared homogeneous when 
analyzed by SDS-PAGE, stained with Coomassie Blue. Natu- 
ral human TNFa was purified from HL-60 cell line 
supernatants. 8 Recombinant human IFN7 and human lympho- 
toxin (TNF£) were produced in E. coli and purified to 
homogeneity, 

TNFa from Different Animal Species 

Blood was drawn from the following animal species: 
mouse, rat, rabbit, dog, pig, cynomolgus, rhesus, baboon and 
chimpanzee, and centrifuged through a ficoli gradient. Periph- 
eral mononuclear cells (2 x 10 6 cells/mL) were suspended in 
RPMI 1640 supplemented with penicillin (50 U/mL), strepto- 
mycin (50 Mg/mL), glutamine (2 mlVf) and 5% fetal calf 
serum (FCS) (Boehringer). 10 mL of this suspension was 
transferred to a T25 Falcon flask. TNFa was then induced by 
adding 10 ng/mL LPS (Sigma, No. L4005). The supernatants 
were collected after 16 hr and the TNFa levels were either 
immediately estimated or stored at - 80°C until the TN Fa test 
was performed. 

Biological Assay for TNFa Activity 

The biological activity of TNFa was determined by the 
murine L929 fibroblast cytotoxic assay, as described by 
Aggarwal et al. 8 Briefly, L929 cells were seeded at a density of 
10,000 cells per well in 96-well microtiter plates (Nunc) using 
0.1 mL Eagle's Minimal Essential Medium that contained 
10% fetal bovine serum (FBS). An equal volume of medium 
containing the desired dilutions of TNFa, with or without 
anti-TNFa antibodies, was added and incubated at 37°C and 
5% C0 2 for 48 hr in a humidified incubator. The cells were 
then stained with 0.5% crystal violet. After an incubation of 1 5 
min, the plates were rinsed with tap water and then dried. 
Crystal violet was dissolved by the addition of 0.1 mL/well of 
0.1% acetic acid in 50% ethanol. The absorbance at 580 nm 
was read with a SLT Easy Reader. The TNFa U/mL 
represent the reciprocal of the TNFa dilution that causes 50% 
cytotoxicity under the conditions of the assay. 

Immunization, Fusion and Cloning 

Purified recombinant human TNFa, in an emulsion 
formed by equal volumes of TNFa solution and Freund's 
complete adjuvant, was injected into BALB/c mice i.p. (5 
Mg/mouse). Two, 4 and 6 weeks later, the mice received the 
same amount of antigen in Freund's incomplete adjuvant. 
Three days after the last immunization spleen cells from mice 
showing high titers of antibody in their sera were fused with 
SP2/0-Agl4 cells at a ratio of 5:1, according to previously 
described techniques. 35 Two weeks after fusion, culture super- 
natants were assayed for secretion of anti-TNFa antibodies 
using the methods described. Positive hybridomas were sub- 
cloned twice by limiting dilution in 96-well plates, using 
BALB/c thymocytes (10 6 cells/well) as feeder cells. 



Selection of Monoclonal Antibodies to Human 
TNFa 

Recombinant human TNFa was diluted in PBS to a 
concentration of 0.01 mg/mL. A 0.1 mL aliquot of this 
suspension was added to each well of a 96-well microtiter plate 
(Flow). The plate was incubated overnight at 4°C and the fluid 
was removed. Residual protein-binding sites were blocked by 
PBS containing 0.1% Tween 20 (PBS-T). Supernatants (0.1 
mL/well), which contained monoclonal antibodies, were added 
and incubated for 2 hr at room temperature. After a washing 
step, 0. 1 mL of a 1 ,000-fold diluted solution of goat anti-mouse 
lgG antibody labeled with horseradish peroxidase (Boeh- 
ringer) was added to each well. After incubation for 1 hr at 
room temperature and washing with PBS-T, 0.1 mL of 0.42 
mM 3,3',5,5'-Tetramethylbenzidine (TMB, Boehringer Man- 
nheim) in 0.1 M acetate-citrate buffer, pH 4.9 containing 
0.004% H 2 0, was added. The reaction was stopped after 10 
min by the addition of 2.0 N sulfuric acid and the absorbance 
at 450 nm of each well was determined using a SLT Easy 
Reader. 

Monoclonal Antibody Isotyping 

A 96-well microtiter plate (Flow) was coated with human 
rTNFa (0.0 1 mg/mL in PBS) overnight at 4°C and then 
blocked with PBS containing 1% bovine serum albumin 
(BSA). 0.1 mL of culture supernatants were added to wells 
and incubated for 1 hr at room temperature. Plates were 
washed with PBS-T and 0.05 mL of each isotype-specific 
rabbit anti-mouse Ig antibody (Cappel) was added. After 1 hr 
incubation at room temperature, the wells were washed 3 times 
and 0.05 mL of horseradish peroxidase labeled goat anti- 
rabbit lgG (Boehringer Mannheim) was added to each well. 
Incubation was continued for another hour at room tempera- 
ture. Plates were washed 5 times with PBS-T and 3, 3', 5, 
5'-Tetramethylbenzidine (TMB) was used as substrate as 
described previously. 

Determination of Epitope Specificities 

A 96-well microtiter plate (Flow) was coated with 0.001 
mg/mL recombinant human TNFa (0.1 mL/well) in PBS 
overnight at 4°C. Nonspecific binding sites were then blocked 
with a solution of 1% BSA in PBS for 0.5 hr at 37°C. A 
constant volume (0.05 mL) of an appropriate dilution of 
biotinylated monoclonal antibody was added to equal volumes 
of double dilutions of respective unlabeled monoclonal antibod- 
ies. The mixture was then added to the wells and incubated for 
2 hr at 37°C. The washing and further processing were done as 
described for "EL1SA." 

Biotinylation of Monoclonal Antibodies 

The mAbs were biotinylated with D-biotinyle-e-amidoca- 
proic-acid-N-hydroxysuccinimide-ester (Boehringer Mann- 
heim). Ten mg of this reagent was dissolved in 1 mL DMSO. 
The monoclonal antibodies were adjusted to 5 mg/mL in PBS. 
A 35 molar excess of biotin was used to label the antibodies for 
2 hr at room temperature. The unbound biotin was removed 
from modified monoclonal antibodies by Sepharose G25 col- 
umn chromatography (1 x 15 cm). The column was run with 



0.05 M potassium phosphate, 0.5 M sodium chloride and 5% 
saccharose at pH 7.8. 

Purification of Monoclonal Antibodies 

Hybridoma cells were cultivated in Iscove Medium con- 
taining the following supplements: 1.2 mg/mL BSA, 0.024 
mg/mL soybean lipids, 0.034 mg/mL transferrin and 5 x 10' 5 
M 0-mercaptoethanol. Cells were grown in spinner flasks, the 
medium was harvested by filtration through a 0.3 filter 
(Pall) and concentrated 10-fold by ultrafiltration using a 
PM10 membrane (Amicon). The concentrate was dialyzed 
against 1.5 M glycine and 3 M NaCl, pH 8.9 and the IgG 
purified by Protein A Sepharose chromatography (Pharma- 
cia), according to the manufacturer's recommendation. 

Monoclonal Antibodies Affinity Determination 

96-well microtiter plates (Nunc) were coated for 16 hr at 
4°C with 0.0 1 mg/mL TNFa (0.1 mL/well) in PBS. After 
that the wells were washed with PBS-T and post-coating was 
done with 1% BSA in PBS for 0.5 hr at 37°C. mAbs were 
serially diluted with 0.1% BSA in PBS and incubation was 
done for 4 hr at 37°C. The wells were washed again 5 times 
with PBS containing 0.1% Tween 20 (PBS-T) and incubated 
for 2 hr at 37°C with horseradish peroxidase conjugated rabbit 
anti-mouse IgG (0.1 mL/well, diluted 1:3,000 in 0.1% BSA in 
PBS). The wells were then washed 5 times with PBS-T and 
TMB was used as substrate, as described previously. 

Calculations of the affinity of the monoclonal antibodies 
were done by non-linear least square fits. These were based on 
the model of one monoclonal antibody binding site per TNFa 
subunit. 

Enzyme-Linked Immunosorbent Assay (ELISA) 

A 96-well microtiter plate (Nunc) was coated overnight 
with 0.1 mL/well of anti-TNFa mAb 199 (0.005 mg/mL) in 
PBS. Post coating was done with 1% BSA in PBS for 0.5 hr at 
37°C. The plate was washed 5 times with PBS containing 0. 1 % 
Tween 20 (PBS-T). For a standard curve, TNFa was diluted 
in 20 mM Tris-HCl, 150 mM NaCl and 1% BSA, pH 7.4. 
TNFa-containing medium or serum (0.1 mL/well) was re- 
acted for 3 hr at room temperature or overnight at 4°C. After 
washing, 0.1 mL/well of biotinylated mAb 195 (0.001 mg/ 
mL) was added and incubated for 2 hr at room temperature. 
After 3 washes with PBS-T, 0.1 mL/well of 10,000-fold 
diluted streptavidin-peroxidase complex (Boehringer Mann- 
heim) was added and incubated again for 0.5 hr at room 
temperature. TMB was used as a substrate for developing the 
color as described. 

Gel Electrophoresis and Immunoblots 

Sodium dodecyl sulfate-polyacrylamide gel electrophore- 
sis (SDS-PAGE) was performed, as described by Laemmli et 
al. 36 Recombinant TNFa (0.2 Mg) and human serum were 
subjected to electrophoresis on a 15% acrylamide gel. Gels 
were stained with 0.15% Coomassie Blue R250 (wt/vol) in 
25% isopropanol (vol/vol), 10% acetic acid (vol/vol), and 
destained with 10% methanol (vol/vol), 10% acetic acid 
(vol/vol). The binding of antibodies to TNFa, which are 
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separated by SDS-PAGE, was assessed by the immunoblot 
technique. 

SDS-PAGE gels were transferred to nitrocellulose as 
previously described by Towbin et al. 26 The non-specific 
reactive sites on the nitrocellulose were blocked by incubating 
for 30 min with 3% gelatin (wt/vol) in TBS. Test monoclonal 
antibodies were diluted to 0.01 mg/mL in 1% gelatin (wt/vol) 
in TBS, and incubated with the nitrocellulose strips for 16 hr 
at 22°C. The strips were then washed for 15 min, each with 
three changes of PBS-T. Bound monoclonal antibodies were 
detected after incubating for 4 hr with horseradish peroxidase 
conjugated anti-murine IgG (Cappel) that was diluted 1:1000 
in 1% gelatin. The strips were washed as above and incubated 
15 min with 4-chloro-l-naphthol (0.6 mg/mL in 20% metha- 
nol, 80% TBS containing 0.018% H 2 0 2 ), rinsed with water and 
air dried. 

In Vivo Neutralization of Human TNFa 

Four-6 week old BALB/c mice were randomized and 
divided into groups of 5. The substances were given i.v. into the 
lateral tail vein; the volume of injection did not exceed 10 
mL/kg. TNFa (2 mg/kg body weight) was applied first, 
followed 15 to 30 min later by the monoclonal antibodies 
(doses: 2 mg/kg and 10 mg/kg). The rate of survival was 
determined 24 hr later. 

Protein Determination 

Protein determinations were performed by the dye bind- 
ing method of Bradford, 37 which uses bovine IgG as a 
standard. The protein concentration was also determined by 
absorbance using the extinction coefficients for pure recombi- 
nant TNFa, £ 280 1 mg/mL = 1.6. 
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The structural repertoire of the human V K domain 
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Cyrus Chothia 1 ' 5 
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In humans, the gene for the V K domain is produced 
by the recombination of one of 40 functional V K 
segments and one of five functional J K segments. We 
have analysed the sequences of these germline segments 
and of 736 rearranged V K genes to determine the 
repertoire of main chain conformations, or canonical 
structures, they encode. Over 96% of the sequences 
correspond to one of four canonical structures for the 
first antigen binding loop (LI) and one canonical 
structure for the second antigen binding loop (L2). 
Junctional diversity produces some variation in the 
length of the third .antigen binding loop (L3) and in 
the identity of residues at the V K -J K join. However, 
this is limited and 70% of the rearranged sequences 
correspond to one of three known canonical structures 
for the L3 region. Furthermore, we show that the 
canonical structures selected during the primary 
response are conserved during affinity maturation: the 
key residues that determine the conformations of the 
antigen binding loops are unmutated or undergo con- 
servative mutation. The implications of these results 
for immune recognition are discussed. 
Keywords: antibodies/canonical structures/human/kappa/ 
V K 



Introduction 

The antigen binding site of an antibody is formed by six 
loops of polypeptide: three from the light chain variable 
domain (V L ) and three from the heavy chain variable 
domain (V H ) (see Figure I). A diverse repertoire of V 
genes that encode the V L and V H domains is produced 
by the combinatorial rearrangement of gene segments 
(Tonegawa, 1 983), that are drawn from pools of moderate 
size. The V L gene is produced by the recombination of 
two gene segments, V L and J L . The V L segment codes for 
residues I— 95 which include the regions that form the 
first and second antigen binding loops. The third antigen 
binding loop is formed by the end of the V L segment and 
the beginning of the J L segment. Antibodies encoded by 
these rearranged genes are believed to be sufficiently 
diverse to recognize almost all antigens with at least 
moderate affinity. High-affinity antibodies are produced 



by~somatic mutation of the rearranged genes, followed by 
selection for improved binding (Berek and Milstein, 1987). 

V L domains are divided into two classes: kappa (k) and 
lambda (X). Work over the past 15 years has resulted in 
what is probably a complete description of the sequences 
that encode the human V* domain [see Zachau (1993) for 
a review]. The V K segments are arranged in two separate 
regions on chromosome 2, named after their positions 
relative to the five J K segments. The J^-distal region, that 
contains 36 V* segments, is a partial duplicate of the 
larger J K -proximal region, that contains 40 V K segments. 

Analysis of the structures and sequences of antibodies 
from humans and mice has shown that the three antigen 
binding loops of the V K domain have a small repertoire 
of main chain conformations, or canonical structures, that 
is largely shared by both species (Chothia and Lesk, 1987; 
Chothia et aL, 1989; Briinger et aL, 1991; He et ai, 
1992). The canonical structures are determined by (i) the 
length of the antigen binding loop and (ii) particular 
residues, or types of residues, at key sites in the loop 
itself and in the antibody framework. These sequence 
features have been described in detail (see the references 
above) and can be used to predict the canonical structures 
of the three antigen binding loops of the domain. 

In this paper, we describe the canonical structures 
implicit in human V K sequences. To describe the structural 
repertoire available to V K domains in the primary reper- 
toire, the sequences of the germline V K segments are first 
examined. We go on to look at 736 rearranged W K 




L1 L3 H2 



Fig. 1. The antigen binding site of an antibody. A space-filling model 
of the McPC603 antigen binding site depicting the superposition of 
five sections cut at 2 A intervals is shown (Sega! et aL, 1974). 
Residues 31a, 31b, 31c, 3 Id of the V L domain and residue 52c of the 
V H domain are above the plane of the paper. The structural repertoire 
available to the HI and H2 regions of the human V H domain has been 
previously described (Chothia et «/., 1992). Merc wc discuss the 
repertoire of main chain conformations available to the LI, L2 and L3 
regions of the human V K domain. 
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TUble 1. Genetic and structural defects in the human germline V K segments 8 


V K segment 


Genetic defects 


Structural defects b 


014/04 




OOP 


Loss of disulphide bridge and creation of an 
internal cavity 


A A 

A4 


Frame shift in V K exon 

(insertion of one nucleotide at residue 57) 






A21 


Frame shift in V K exon 

(insertion of one nucleotide at residue 39) 






A7 




23F (C) 


Loss of disulphide bridge and small residue 
replaced by a larger one at an internal site 


A29 


No start codon at beginning of leader sequence 
(ATG replaced by ATA) 






A13 


No start codon at beginning of leader sequence 
(ATG replaced by ATA) 


37P (L/Q) 


Loss of p-sheet hydrogen bonds by P 


L22 




51 (T) 
221 (N/S/T) 
24W (R) 
56P (S/T) 
761 (N/S) 


A large number of mutations, at sites on the 
surface of the domain, replace hydrophilic 
residues by hydrophobic residues 


LIO 


Defective acceptor splice site in leader intron 
(AG replaced by GG) 






LI3 


No start codon at beginning of leader sequence 
(ATG replaced by GTG) 


75F (I) 
87C (F/Y) 


Increase in size of an absolutely conserved 
buried residue 

Large reduction in size of a residue buried in 
V L -V H interface 


Bl 


No start codon at beginning of leader sequence 
(ATG replaced by ATA) 







a Genetic and structural defects in the 51 V K segments which were described as 'potentially functional' or having 'minor defects' (Schable and 
Zachau, 1993). References: 014/04, Pargent et al (1991); A4, Jaenichen et al (1984); A21, Schable et al (1994); A7, A29, A13, Lautner-Rieske 
et al (1992); L22, Pech et al (1985); LIO, Pech and Zachau (1994); L13, Huber et al (1993); Bl, Lorenz et al (1988). For defects in the 25 
4 pseudogenes\ see Schable et al (1994). 
b Normal residues are given in parentheses. 



sequences to determine how the assembly of V K and J K 
segments influences the canonical structure of the third 
antigen binding loop. In addition, the extent to which 
canonical structures are conserved during affinity matura- 
tion is determined. The implications of our results for 
understanding the mechanisms of immune recognition are 
then discussed. 

The repertoire of human germline V K segments 

For a germline V K segment to be functional, it must have 
(i) intact coding and regulatory sequences, (ii) functional 
recombination signal sequences (RSS) and (iii) encode a 
protein that can form a stable three-dimensional structure. 
On inspection of the sequences of the 76 V K segments, 
Schable and Zachau (1993) described 25 as pseudogenes 
(see Schable et ai t 1994). 

Genetic and structural defects 

The remaining 51 V K segments were described as being 
'potentially functional' or having 4 mi nor defects' (Schable 
and Zachau, 1993). Segments with minor defects are those 
with one or two point mutations in the coding or regulatory 
regions that might render the segment non-functional, but 
which may exist as functional alleles in certain individuals 
(Schable and Zachau, 1993). To examine the expression 
of each V K . segment and its alleles, we compiled a large 
database of rearranged V K genes, derived from many 
individuals, containing 736 sequences (I.M.Tomlinson and 
J.P.L.Cox, in preparation), which extends previous studies 
of the expressed V K repertoire (Klein et ai t 1993; Cox 
et al., 1994). 

Eleven of the V K segments described as 4 p° tenua ^y 



functional' or having 'minor defects' have serious genetic 
and/or structural defects, such as the absence of start 
codons or mutations which are likely to seriously destabil- 
ize the three-dimensional structure of the protein (Table 
I); these segments are not expressed and are therefore 
classified as non-functional. 

Functional V K segments 

Thirty-eight of the remaining 40 V K segments are seen 
rearranged in vivo. Since the other two segments (A 14 
and L25) have no obvious defects which would prevent 
their functional expression, our failure to see them 
rearranged in vivo is probably due to them being located 
in the rarely used J K -distal portion of the V K locus (Cox 
etal y 1994). The amino acid sequences of the 40 functional 
V K segments and their alleles are given in Table II [see 
Schable and Zachau (1993) and Cox et ai (1994) for 
nucleotide sequences]. The functional segments are 
derived from six families: 19 V K I, nine V K II, seven V K I1I, 
one V K IV, one V K V and three V K VI. Fifteen pairs of 
functional segments differ by <11 amino acids, some 
even encode identical gene products (Table II). Known 
alleles of the functional segments can alter the sequence 
of the V K exon, but only by up to three amino acids (see 
footnote to Table II). The introduction of stop codons in 
the V K exons of L4, LI 6 and A 18, in the leader exon of 
012, or the introduction of structural defects in Oil, 
means that there may be as few as 35 functional segments 
in some individuals. The segments listed in Table II 
should therefore be regarded as the maximum number of 
functional V K segments in any one individual. 
The use of these segments in the expressed repertoire 
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Table II. Amino acid translations of the human germline V K segments 



123 4567B9 
0 0 0 abcdef 0 0 0 0 0 0 

1 1 | | | 1 1 | | | | | | | { | | | | | | 1 1 I | ++++++♦++++++ 1 1 | I | 1 1 I I I I 1 1 I I I I 1 1 I I I i I t i I I I I I I I 1 1 I I t I I I I I 1 1 I I I I 1 1 I I++++* 

SUBGROUP I 

012* /02 DIQMTQSPSSLSASVGDRVTITCRASQSISS YLMWYQQKPGKAPKLLIYAASSLQSGVPSRFSGSGSGTDFTLTISSLQPEDFATYYCQQSYSTP 

018/08 DIQMTQSPSSLSASVGDRVTITCQASQDISN YLNVfYQQKPGKAPKLLIYDASNLETGVPSRFSGSGSGTDFTFTISSLQPEDIATYYCQQYDNLP 

A20 DIQHTQSPSSLSASVGDRVTITCRASQGISH YLAWYQQKPGKVPKLLIYAASTLQSGVPSRFSGSGSGTDFTLTISSLQPBDVATYYCQKYHSAP 

A30 DIQMTQSPSSLSASVGDRVTITCRASQGIRN DLGWYQQKPGKAPKRLIYAASSLQSGVPSRFSGSGSGTEFTLTISSLQPEDFATYYCLQHNSYP 

LU NIQMTQSPSAMSASVGDRVTITCRARQGISH YLAWFQQKPGKVPKHLIYAASSLQSGVPSRFSGSGSGTEFTLTISSLQPEDFATYYCLQHNSYP 

LI* DIQMTQSPSSLSASVGDRVTITCRASQGISN YLAWFQQKPGKAPKSLIYAASSLQSGVPSRFSGSGSGTDFTLTISSLQPBDFATYYCQQYNSYP 

LI 5* DIQHTQS PSSLSASVGDRVTITCRASQG IS S WLAWYQQKPEKAPKSLIYAASSLQSGVPSRFSGSGSGTDFTLTISSLQPBDFATYYCQQYHSYP 

L4/18a* AIQLTQSPSSLSASVGDRVTITCRASQGISS ALAWYQQKPGKAPKLL I YDAS SLESGVPSRFSGSGSGTDFTLTISSLQPEOF ATY YCQQFNS Y P 

L5 /LI 9 DIQMTQSPSSVSASVGDRVTITCRASQGISS WLAWYQQKPGKAPKLLIYAASSLQSGVPSRFSGSGSGTDFTLTISSLQPEDFATYYCQQAMSFP 

L8 DIOLTQSPSFLSASVGDRVTITCRASQGISS YIJiWYOQKPGKAPKLLIYAASTLQSGVPSRFSGSGSGTEFTLTISSLQPEDFATYYCQQLHSYP 

L23 AIRMTQSPFSLSASVGDRVTITCWASQGISS YLAWYQQKPAKAPKLFIYYASSLQSGVPSRFSGSGSGTDYTLTISSLQPEDFATYYCQQYYSTP 

L9 AIRHTQSPSSFSASTGDRVTITCRASQGISS YLAWYQQKPGKAPKLLIYAASTLQSGVPSRFSGSGSGTDFTLTISCLQSEDFATYYCQQYYSYP 

L24 VIWMTQSPSLLSASTGDRVTISCRMSQGISS YIAVfYQQKPGKAPELLIYAASTLQSGVPSRFSGSGSGTDFTLTISCLQSBDFATYYCQQYYSFP 

Lll AIQHTQSPSSLSASVGDRVTITCRASQGIRM DLGWYQQKPGKAPKLLIYAASSLQSGVPSRFSGSGSGTDFTLTISSLQPBDFATYYCLQDYNYP 

L12* DIQKTOSPSTLSASVGDRVTITCRASQSISS WLAWYQQKPGKAPKLLIYDASSLESGVPSRFSGSGSGTEFTLTISSLQPDDFATYYCQQYMSYS 

SUBGROUP II 

01 1 * /Ol DIVMTQTPI^LPVTPGEPASISCRSSQSLLDSDDGNTYLOWYL^KPGQSPQIilYTLSYRASGVPDRPSGSGSGTDF 

A17 DVVMTOSPISLPVTLGQPASISCRSSQSLVYS-DGNTYLIWFMRPGQSPRRLIYIWSHROSGVPDRFSGSG 

Al DV VMTQSPLSU»VTLGOPASISCRSSQSLVYS-DGllTYLHWFO^RPGQSPRRLIYIW 

Al 8 * DIVMTO/TPI>SI^VrPGQPASISCKSSQSLLHS-DGKTYLYWYLQKPGQSPOIJ.IYEVSSRFSGVPDRFSG 

A2 DIVMTOTPLSLSVTPGQPASISClWSQSIiHS-TCKTYLYWYMKPGQPPQLLIYEVSMRFSGVPDRFSG 

Al 9 /A3 DIVHTQSPI^LPVTPGEPASISCRSSQSLLHS-NGYWYLDtfYLQKPGQ 

A23 D ivHTQTPLSSPVTU5QPASISCRSSQSLVHS-DGNTYWW^ 

SUBGROUP III 

A27 EIVLTQSPGTLSLSPGERATLSCRASQSVSSS YLAWYQQKPGQAPRLLIYGASSRATGIPDRFSGSGSGTDFTLTISRLEPEDFAVYYCQQYGSSP 

A 1 1 BIVLTQSPATLSLSPGERATLSCGASQSVSSS YLAWYQQKPGLAPRLLIYDASSRATGIPDRFSGSGSGTDFTLTISRLEPEDFAVYYCQQYGSSP 

L2/L16* E I VHTQS PATLSVS PGERATLSCRASQS VSS MLAWYQOKPGQAPRLLIYGASTRATGIPARFSGSGSGTEFTLTISSLQSEOFAVYYCQQYSNWP 

L6 E I VLTQSPATLSLS PGERATLSCRASQS VSS YLAWYQQKPGQAPRLLIYDASNRATGIPARFSGSGSGTDFTLTISSLEPEDFAVYYCQQRSHWP 

L20 E I VLTQS PATLS LS PGERATLSCRASQGVS S YLAWYQQKPGQAPRLLI YD ASN RATG I PARF SGSG PGTDFTLTIS SLEPEDFAV Y YCQQRSNWH 

L25 E I VMTQSPATLSLS PGERATLSCRASQS VSSS YLSWYQQKPGQAPRLLIYGASTRATGIPARFSGSGSGTDFTLTISSLQPEDFAVYYCQQDYNLP 

SUBGROUP IV 

B3 DIVMTQSPDSLAVSI^ERATINCKSSQSVLYSSimimYLAWYMKPGQPPKLLIYWASTRESGVPDRFSGSGSGTDFTLTISSLQAEDVAVYYCQQYYSTP 
SUBGROUP V 

B2 1 1TLTQSPAFMSATPGDKVHISCKASQDIDD DMHWYQQKPGEAAIFIIQEATTLVPGIPPRFSGSGYGTDFTLTINIIIESEDAAYYFCLQHDNFP 



CANONICAL 
STRUCTURE 



SEQUENCE 



SUBGROUP VI 

A26/A10 E IVLTQS PDFQSVTPKEKVT I TCRASQS I GS - 
AM DWHTQSPAFLSVTPGEKVTITCQASEGIGN- 



SLHWYQQKPDQSPKLLIKYASQSFSGVPSRFSGSGSGTDFTLTINSLEAEDAATYYCHQSSSLP 

YLYWQQKPDQAPKLLIKYASQSISGVPSRFSGSGSGTDFTFTISSLEAEDAATYYCQQGNKHP 



Ll 


L2 


L3 


REFERENCES 


2 


1 


( 1 ) 


012/02 


a/a 


2 




<U 


018/08 


b/b . 


2 


1 


(X) 


A20 


c 


2 


1 


( 1 ) 


A30 


d 


2 


1 


(1) 


L14 


d 


2 


1 


( 1 ) 


Ll 


e 


2 


1 


< 1 ) 


LIS 


e 


2 


1 


(1) 


L4/18a 


f 


2 


1 


(M 


L5/L19 




2 


1 


(1) 


L8 


f 


2 


1 


(1) 


L23 


d 


2 


1 


( 1 ) 


L9 


f 


x 


I 


{ 1 ) 


L24 


n 


2 


I 


( 1 ) 


Lll 


b 


2 


I 


( * ) 


L12 


i 


3 


I 


l 1 I 
I * f 


011/01 


a/a 


4 


1 


<1) 


A17 


c 


4 


I 


(1) 


Al 


c 






/ 1 i 


A18 


c 


4 


1 


(1) 


A2 


j 


4 


1 


(1) 


A19/A3 


c/k 


4 


1 


( 1 ) 


A23 


k 


6 


1 


(1) 


A27 


1 


6 


1 


(1) 


All 


D 


2 


1 


(1) 


L2/L16 


n/o 


2 


1 


<D 


L6 


P 


2 


1 


(X) 


L20 




6 


1 


(1) 


L25 


d 


3 




(1) 


B3 ' „. 


q 


2 


1 


(1) 


B2 


r 


2 


1 


(1) 


A26/A10 


C/S 


2 


1 


(I) 


A14 


s 



a V K - segments marked with an asterisk have alleles that alter the amino acid sequence: Olla (ref. a) (35W-»C 64G~>D); 012a (ref. a) (10S-»F 
90Q->C 91S-»G); for A 18, the only known allele has a stop codon at position 88 (ref. c). Two of the rearranged counterparts of A18 have a Cys at 
position 88. These rearranged genes are probably derived from a functional allele of A 18 which has a Cys at position 88; LFVK43I is an allele of 
Ll (ref t) (6IR-»K); L15a (ref. i) (26S-*R); the allele L4/18a is functional, but has not been unambiguously mapped to L4 and/or L18 (Schable and 
Zachau, 1993). Mapped alleles are L4 (ref. 0 (35W->* 93S->N) and LI8 (ref. g) (93S->N); L16c (ref. n) (5T->M 94W->*); LI2a (ref. d) 
(50D->K). 

First publication of full-length sequence: (a) Pargent et al (1991); (b) Scott et al. (1991); (c) Lautner-Rieske et at (1992); (d) Huber et al (1993); 
(e) Bentley and Rabbins (1983); (f) Pech et al (1984); (g) Pech et al (1985); (h) Jaenichen et al (1984); (i) Bentley and Rabbitts (1980); (j) Scott 
et al (1989); (k) Staubinger et al (1988a); (1) Radoux et al (1986); (m) Chen et al (1986); (n) Liu et al (1989); (o) Chen et al (1987); (p) Pech 
and Zachau (1984); (q) Klobeck et al (1985); (r) Stavnezer et al (1985); (s) Staubinger et al (1988b); (I) I'oroni (1990). 



is highly biased. Not only is there a strong bias towards 
use of V K segments from the Vproximal region of the 
locus (97% of the expressed repertoire is derived from V K 
segments in the J K -proximal region), but there is also a 
bias towards the use of particular V K segments. For 
example, the single segment A27 accounts for almost 30% 
of the expressed repertoire, whereas the 22 least used V K 
segments account for only 6% of the expressed repertoire. 
Those less frequently used segments include several with 
defects in the promoter region (L8, L9) or heptamer RSS 
(A20, A26, A 10, A 14, L4, L18) which are likely to reduce 
the efficiency of transcription or rearrangement (Akamatsu 
et al, 1994; Stiernholm and Berinstein, 1995). 

Canonical structures of the first antigen binding 
loop of the V K domain 

Sequence variation of residues 24-34 in the V L domain 
led Kabat and Wu (1971) to predict that this region 
is involved in antigen binding and to call it the first 
complementarity determining region (CDR1). Later, an 
analysis of the three-dimensional structures showed that 



Table III. 



Ll Canonical 


Length of Ll region (26-32 inclusive) and the 


structure 


residues between 29 and 32 


2 


7: 30, 31 


6 


8: 30, 31, 3la 


4 


12: 30, 31, 31a, 31c, 3ld, 31e, 31f 


3 


13: 30, 31, 31a, 31b, 31c, 31d, 3le, 3lf 



residues 24-25 and 33-34 are part of the p-sheet frame- 
work: sequence changes at these positions do not alter the 
main chain conformation (Chothia and Lesk, 1987). The 
region outside the P-sheet framework, 26-32, is called Ll. 

Further analysis suggested that nearly all Ll regions in 
V K domains have one of six canonical structures (Chothia 
and Lesk, 1987; Chothia et al y 1989; unpublished data). 
All have residues 26, 27, 28, 29 and 32 packed against 
the framework in the same extended conformation (Figure 
2). They differ in the number of residues between positions 
29 and 32 (Figure 2). All six are found in murine 
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Tfcble IV. Residues at key sites for the canonical structures of the V K domain 



(A) LI region 



Canonical Number of Sequence characteristics of key residues in known structures Number of germline 

structure residues in LI ; segments with this 

region (26-32 canonical structure 

inclusive) 







2 


25 


29 




33 


71 




Ll:2 


7 


i 1: 18 


A: 18 


I: 16 V: 2 




I: 1 L: 15 V: 2 


F: 7 Y: 11 


26 






2 


25 


29 




33 


71 




Ll:6 


8 


N: l a 


A: 1 


V: 1 




L: 1 


Y: 1 


3 






2 


25 


29 


31d 


33 


71 




Ll:4 


12 


L: 1 V: 9 


S: 9 P: 1 


I: 3 L: 7 


G: 10 


F: 1 L: 9 


F: 10 


7 






2 


25 


29 


31d 


33 


71 




LI: 3 


13 


I: 5 


S: 5 


L: 4 V: 1 


E: 1 Q: 3 S: 1 


L: 5 


F: 5 


3 



a For LI canonical structure 6, there is only a single crystal structure (the murine antibody IF7; Haynes et at., 1994). Although the Asn at position 2 
in this structure (see Figure 2) is unusual (it is normally a medium-sized hydrophobic residue, either He, Leu or Val), one-third of murine V K VI 
sequences also contain Asn at this position (Kabat et ai t 1991). However, in the IF7 structure it does not seem to affect the main chain 
conformation of residues 26-29, which is conserved in all known LI structures. We would expect Thr 2 in the human V K segment B2 to be 
accomodated in a similar manner. 



(B) L2 region 



Canonical 
structure 



Number of 
residues in L2 
region (50-52 
inclusive) 



Sequence characteristics of key residues in known structures 



Number of germline 
segments with this 
canonical structure 



L2: 1 



48 64 
I: 39 V: 2 G: 41 



40 



(C) L3 region 



Canonical Number of Sequence characteristics of key residues in known structures Number of 

structure residues in L3 ■ — rearranged sequences 

region (91-96 with this canonical 

inclusive) structure 







90 


91 


92 


93 


94 


95 


96 




97 




L3: 1 


6 


H: 2 N: 5 Q: 30 










P: 37 






S: 1 T: 36 


324 






90 


91 


92 


93 


94 


95 


96 




97 




L3: 2 


6 


Q: 1 








P: 1 








T: 1 


1 






90 


91 


92 


93 


94 


95 






97 




L3: 3 


5 


Q: 1 


















49 






90 


91 


92 


93 


94 








97 




L3: 4 


4 


Q: 1 
















S: 1 


1 






90 


91 


92 


93 


94 


95 


96 


96a 


97 




L3: 5 


7 


Q: 1 












P: 1 




T: 1 


67 



antibodies, but only four of the six are present in humans. 
In humans, the four structures are listed in Table III. 

The canonical structure numbers are historical in origin. 
Mice also encode canonical structure 1, that has one 
residue between 29 and 32, and canonical structure 5, 
with six residues between 29 and 32. The non-functional 
human V K segment Bl has the sequence characteristics of 
canonical structure 5 (Table I). 

The key residues that determine the conformation of 
the known LI canonical structures for the V* domain are 
at positions 2, 25, 29, 33 and 71, which are involved in 
the packing of LI against the framework (Figure 2). In 
canonical structures 3 and 4, residue 3 Id has positive <)),\|/ 
values which produce some steric strain in residues other 
than Gly, Asn and Asp. The conformation is facilitated 
by the presence of these residues, but they are not essential. 



There are now several crystal structures available for each 
of the LI canonical structures 2, 3 and 4, and a single 
structure available for canonical structure 6. The residues 
at the key sites in these structures are given in Table IVA. 

The L1 structures implicit in the germline 
repertoire 

Thirty-nine human V K segments have LI regions that 
correspond in size and key residues to one of four 
canonical structures (Tables II and IVA). The segment 
L24 (subgroup I) has all the characteristics of canonical 
structure 2, except that the key residue at position 25 is 
Met, rather than Ala or Ser. It is difficult to determine 
whether the large Met side chain at this site would produce 
a strained protein with canonical structure 2 or a change 
in conformation to form a new canonical structure. 
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L3: 3 L3: 4 L3: 5 



Fig. 2. Canonical structures of the antigen binding loops encoded by human W K domains. Each drawing is labelled La:b, where La corresponds to 
the antigen binding loop, LI (A), L2 (B) or L3 (C), and b is the number of the canonical structure. In each case, we show the main chain of the 
antigen binding loops (yellow) and the Ca atom/side chain of the key residues which are the main determinants of its conformation (red). In 
addition, the conformations of LI: 3 and Li: 4 are facilitated by the presence of Gly, Asn and Asp at 3 Id which have positive <|>,i{/ values (see the 
text). The conformations shown here are taken from antibodies whose structures have been determined by X-ray crystal lography: LI: 2 from H52 
(Eigenbrot et al. t 1994); LI: 6 from IF7 (Haynes et a/., 1994); LI: 4 from 4-4-20 (Whitlow, 1995); LI: 3 from 17/9 (Rini et al, 1992); L2: I from 
KOL (Marquart et a/., 1980); L3: I from REI (Epp et al y 1975); L3: 2 from J539 (Suh et <i/., 1986); L3: 3 from HyHEL5 (Sheriff et at, 1987); L3: 
4 from 3D6 (He et at, 1992); L3: 5 from AN02 (BrUnger et al, 1991). 



The L1 structures implicit in the expressed 
repertoire 

Our database of rearranged V K sequences has 736 entries, 
although some of them are incomplete. Of these, 401 



(55%) are derived from germline V K segments which 
encode canonical structure 2 for the LI region, 54 (7%) 
from segments which encode canonical structure 3, 65 
(9%) from segments which encode canonical structure 4 
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Table V. Somatic mutation at the key sites for the LI and 12 regions in the human V K domain 



Region Key Number of sequences Number of sequences with Conservative changes and their 

residue containing key residue no change in key residue occurrences 



Non-conservative changes 
and their occurrences 



LI 



333 



254 



I-»F: 2 I->L: 67 
l-»T: 4 I->V: 5 
V->I: I 
Total: 79° 



25 



715 



686 



A-Kj: I A-»S: 9 
A->T: 12 S-»A: 1 
S->T: I 
Total: 24 



A->E: 2 A-»V: 2 
S->L: I 
Total: 5 



29 



714 



630 



1->L: I I-»M: I 
1_>V: 11 V->1: 44 
V->L: 18 V->M: I 
V->T: I 
Total: 77 



I->K: I V->A: 2 
V-*F: 3 V->G: I 
Total: 7 



3ld 

33 
71 



115 



717 



730 



108 



701 



723 



N->D: I 
Total: I 

L->F: 1 L->V: 1 1 
Total: 12 

F->Y: 3 
Total: 3 



G-*E: 1 G->R: 2 
N->K: 2 N->S: I 
Total: 6 

L->S:4 
Total: 4 

F->L: 3 Y->C: 1 
Total: 4 



L2 



48 
64 



723 
722 



709 
713 



1->L: I MM: 5 
I->V: 4 
Total: 10 

G->A: 7 
Total: 7 



I_>F: 3 I->Y:1 
Total: 4 

G->S: I G->V: 1 
Total: 2 



"Most of these changes are probably introduced by PCR primers at the beginning of framework I. 



and 216 (29%) from segments which encode canonical 
structure 6. 

We examined their sequences to determine whether 
they have insertions, deletions or mutations that produce 
LI conformations different to those encoded by the germ- 
line segments. None has insertions or deletions, relative 
to the corresponding germline segments. The number of 
sequences in which changes have occurred at the key 
sites, and the nature of these changes, are given in Table 
V. The changes are classified as conservative or non- 
conservative. Conservative changes are those that are 
unlikely to make any large changes in the conformation 
of the loop, but which may introduce small distortions or 
slightly shift its mean position and the envelope of 
alternative low-energy positions available to it. Non- 
conservative changes are likely to make a major alteration 
in the conformation or lower its stability. At four sites, 
25, 3 Id, 33 and 71, only a few sequences contain changes. 
Two other sites, 2 and 29, are more frequently changed. 
Although the majority of changes at residue 2 are likely 
to have been introduced by primers based at the beginning 
of framework 1, those that occur at the other key residues 
probably represent genuine somatic mutations. The major- 
ity of these changes are conservative. Thus, the key sites 
for LI are unmutated, or undergo only conservative 
changes, in >96% of the rearranged sequences and 
undergo non-conservatiye changes in <4% of the 
rearranged sequences. 



Canonical structure of the second antigen binding 
loop of the V K domain 

Sequence variation of residues 50-56 in V L domains led 
Kabat and Wu ( 1 97 1 ) to predict that this region is involved 
in antigen binding and to call it the second complementarity 
determining region (CDR2). Later, an analysis of the 
three-dimensional structures showed that residues 53-56 
are part of the (}-sheet framework structure: sequence 
changes at these positions do not alter the main chain 
conformation (Chothia and Lesk, 1987). The region outside 
the (J-sheet framework, 5(>-52, is called L2. 

Further analysis indicated that L2 regions in domains 
have a single canonical structure defined by there being 
a single residue between 50 and 52, He or Val at 48 and 
Gly at 64 (Chothia and Lesk, 1987; Steipe et aL, 1992) 
(Figure 2 and Table IVB). 

The 12 structure implicit in the germline and 
expressed repertoires 

All 40 functional germline V K segments have residues lie 
at site 48, Gly at site 64 and one residue between residues 
50 and 52 (Tables II and IVB); this means they all have 
the features of the single canonical structure known for 
the L2 region. Consequently, all 736 rearranged sequences 
are derived from germline V K segments with this canonical 
structure. None of these has insertions or deletions in the 
L2 region, relative to the corresponding germline seg- 
ments, and only six have non-conservative changes at L2 
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Table VI. 



J K segment 


Sequence 3 


1 


WTFGQGTKVE I KR 


2 


YTFGQGTKLEIKR 


3 


FTFGPGTKVDIKR 


4 


LTFGGGTKVEIKR 


5 


I TFGQGTRLE I KR 



a First residue is position 96. last residue is position 108. 



key sites (Table V). Thus, the key sites for L2 are 
unmutated or undergo conservative changes in >99% of 
the rearranged sequences and undergo non-conservative 
changes in <1% of the rearranged sequences. 

Canonical structures of the third antigen binding 
loop of the V K domain 

Sequence variation of residues 89-97 in V L domains led 
Kabat and Wu (1971) to predict that this region is involved 
in antigen binding and to call it the third complementarity 
determining region (CDR3). Later, an analysis of the 
three-dimensional structures showed that residues 89-90 
and 97 are part of the P-sheet framework structure (Chothia 
and Lesk, 1987). The region outside the P-sheet frame- 
work, 91-96, is called L3. 

The L3 region is formed by the joining of the V K and 
} K segments. The joining process involves trimming and 
repair of the V and J segments, as well as nucleotide 
insertions (Milstein.e/ a/., 1992). This produces variations 
in both the length of the L3 region and in the identity of 
residues at the join. The structure of the L3 region is 
therefore determined not only by the sequence of the 
germline V K and J K segments, but also by the way in which 
they are assembled. There are five J K segments, all 
functional and with the sequences listed in Table VI 
(Hieter et al % 1982). 

The L3 canonical structures known at present 

The analysis of the three-dimensional structures of V K L3 
regions has so far identified five canonical structures 
(Chothia and Lesk, 1987; Chothia et a/., 1989; Brunger 
et oi, 1991; He et aL, 1992). The five structures are 
illustrated in Figure 2 and in Table IVC we describe their 
size and sequence characteristics. 

Canonical structure 1 has six residues, a Gin, Asn or 
His at position 90, a cw-Pro at 95 and a Ser or Thr at 97. 
Thirty-seven of the 40 functional V K segments have Gin 
at position 90 and Pro at position 95 (Table II). All five 
J K - segments have Thr at 97 (Table VI). Therefore, these 
37 V K segments can form canonical structure 1 if the 
joining process juxtaposes the last codon of the V K segment 
with the first codon of the J K segment. The two V K 
segments that have Ser and His at position 95 (Table II) 
can also produce this canonical structure if V K -J K joining 
modifies this codon to produce a Pro at position 95. 

All the other known canonical structures are produced 
by modification of the germline segments by the joining 
process. Canonical structure 2 has six residues, but the 
Pro is at position 94 rather than 95. Since none of the 
functional V K segments has a Pro at position 94 and V K - 
J K . joining events that modify this codon are infrequent 
(I.M.Tomlinson and J.P.L.Cox, in preparation), this con- 



Table VII. 



Number of residues in the L3 region, 


Number of rearranged 


91-96 


sequences 


1 

2 


1 

2 


3 


2 


4 


I 


5 


54 


6 


427 


7 


119 


8 


26 


9 


1 



formation is likely to be rare in human V K domains. In 
canonical structure 3, the joining process has deleted one 
residue, leaving only five (Chothia et ai, 1989). In 
canonical structure 4, the joining process has deleted two 
residues leaving only four (He et ai y 1992). In canonical 
structure 5, the joining process adds a residue to produce 
a seven-residue L3 region. 

The L3 structures implicit in the expressed 
repertoire 

Of the 736 rearranged V K sequences in our database, 
633 contain complete L3 regions without frame shifts. 
Junctional diversity has produced some variations in the 
length of L3, but it is limited: in 99% of the rearranged 
sequences the number of residues in the L3 region, 91- 
96, is between five and eight (Table VII). 

We examined the L3 regions to determine which have 
the characterist ics of one of the known canonical structures 
(Table IVC). Of those with six residues, three-quarters 
have the sequence characteristics of canonical structure I. 
Most of those with five residues have the characteristics 
of canonical structure 3 and most of those with seven 
residues have the characteristics of canonical structure 5. 
Canonical structures 2 and 4 are rare, each occurring in 
only one sequence. In total, 70% of the rearranged 
sequences have the characteristics of one of the five known 
canonical structures (Table IVC). 

The sequences of the remaining 191 rearranged genes 
do not correspond to a known L3 canonical structure. 
However, it is likely that most of these will have one of 
a small number of conformations. For example, we would 
expect most of the six-residue regions that do not have a 
Pro at positions 94 or 95 to have a simple hairpin structure 
with a conventional two-residue turn at its tip. A total of 
four or five canonical structures (including three for which 
crystal structures are available) probably describe the 
conformations of >90% of human L3 regions. 

Because it is difficult to distinguish between residue 
changes introduced during joining and those intro- 
duced by somatic mutation at key residues 95 and 97, we 
cannot exclude the possibility that the canonical structure 
of L3 changes during affinity maturation due to mutation 
at these positions. However, of the 729 rearranged 
sequences that include key residue 90, 90% are unmutated 
(657 sequences), 5% undergo conservative changes (Gin 
changes to His in 38 sequences), 4% undergo non- 
conservative changes (29 sequences with Gin to residues 
other than Asn or His) and in I % the nature of the changes 
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Fig. 3. Structures of ihe common antigen binding sites in human V K domains. Residues are represented by their Cot atoms and ellipsoids for the 
sidechains. The numbers on the top left of each drawing correspond to the canonical structure of the three antigen binding loops (LI, L2 and L3). 
More than %</{• of the human V K domains have canonical structures 2, 3, 4 or 6 for the tirst antigen binding loop (LI) and canonical structure I for 
the second antigen binding loop (L2). Approximately half of the human V K domains have canonical structure 1 for the third antigen binding loop 
(L3). 



J.M.Tomlinson et at 



is uncertain (five sequences where Lys changes to Gin or 
Asn). This suggests that L3 canonical structures are also 
highly conserved during affinity maturation. 

Discussion 

The conformations of canonical structures 

Canonical structures describe the common folds of the 
antigen binding loops of antibodies. When they occur in 
different antibodies how similar are their conformations? 
A number of different antibody structures with the same 
canonical structures have been determined accurately at 
high resolution, including several in complex with their 
antigens. Analysis of these structures shows that the 
local conformation of the canonical structures is highly 
conserved (A.MLesk and C.Chothia, in preparation). 
Normally, those that are small or medium sized (e.g. L2 
and the smaller LI regions) have rms differences in atomic 
position of 0.5 A or less. For those that are large (e.g. the 
larger LI and L3 regions) the values are 0.8 A or less. 
Very occasionally, hydrogen bonding from within the 
variable domain or by the antigen rotates a peptide group 
into an unusual orientation such that the canonical structure 
has rms differences of -1 A when compared with those 
of normal conformations. 

Sequence differences in the framework regions do not 
change the local conformation of canonical structures, but 
can shift their relative positions by up to -1.3 A (Chothia 
and Lesk, 1987). 

The interface between V L and V H domains has a large 
central region formed by conserved framework residues 
and a peripheral region formed by residues from the 
antigen binding loops. The conserved residues fix the 
overall packing of the V L and V H domains. However, 
differences in the antigen binding loops, and the contacts 
formed by antigens that penetrate the contact area, modu- 
late the detailed geometry of the packing such that in 
extreme cases the relative orientation of V L and V H 
domains can differ by up to -15° (Colman et a/., 1987; 
Lascombe et <//., 1989; Stanfield et «/., 1993). These 
differences in orientation shift the relative positions of the 
canonical structures in the two domains by 1-2 A in most 
cases and by 3 A in a few. 

Mechanisms of immune recognition 

The function of antibodies is to bind antigens with high 
specificity and affinity. In antigen-antibody complexes, 
binding sites for protein antigens occupy -800 A 2 , which 
is close to one-third of the total surface presented to the 
solvent by the antigen binding loops. The sites that bind 
peptides and haptens are somewhat smaller [see Davies 
et nl. (1990) and Wilson and Stanfield (1993, 1994) 
for reviews]. Examination of accurate high-resolution 
complexes demonstrates that the antigen-antibody inter- 
face is close packed, internal cavities are rare, and hydro- 
gen bonding, van der Waals contacts and solvent molecules 
combine to make the packing density like that in crystals. 
These features are the same as those found in the recogni- 
tion sites of non-immunoglobulin protein-protein com- 
plexes (Janin and Chothia, 1990). 

The purpose of the genetic mechanisms that produce 
high-affinity antibodies is therefore to create structures 
that either have complementary surfaces of sufficient size 



to bind antigens or can produce such surfaces by low- 
energy conformational changes. Isolated loop structures, 
such as those that occur in certain H3 regions with parts 
free from tertiary constraints, can switch between different 
conformations (Wilson and Stanfield, 1994) but, in general, 
the intrinsic flexibility of antigen binding loops is limited 
with only a small envelope of alternative positions (Bhat 
et ai, 1990; Gerstein et al., 1994). 

The precise structural requirements for high-affinity 
antibodies are achieved in two stages. The assembly of 
germline segments produces a range of antibodies that are 
believed to be sufficiently diverse to recognize almost all 
antigens with at least moderate affinity. The small reper- 
toire of canonical structures (Figure 3) provides a frame- 
work on which to display a highly diverse set of residues 
for selection during the primary immune response. Indeed, 
the residues that have the highest germline variability are 
clustered at the centre of the binding site (Chothia et al. t 
1992; I.M.Tomlinson and J.P.L.Cox, in preparation). 

Subsequent somatic mutation and selection leads to 
an improvement in the affinity of the antigen-antibody 
interaction. Typically, this maturation process increases 
affinity constants by a factor of 10 2 ~10 3 (Berek and 
Milstein, 1987). We have shown that during affinity 
maturation, human antibodies conserve the canonical loop 
structures selected during the primary response. There are 
no examples of somatic insertions or deletions in the LI 
and L2 regions. Together, the key sites for the LI and L2 
regions have undergone non-conservative mutation in 
<4% of the rearranged sequences. Although it is more 
difficult to demonstrate conservation of the L3 canonical 
structure during affinity maturation (see above), in the 
vast majority of rearranged sequences the key site at 
position 90 is unmutated or undergoes conservative muta- 
tion. Our analysis of the human V H repertoire demonstrated 
a similar conservation for the HI and H2 regions (Chothia 
et al. t 1992). Although there are no data available for 
somatic mutation in human H3 regions, data have been 
obtained in mice by sequencing anti-hapten antibodies 
during an ongoing immune response. Reviewing these 
studies, Berek and Milstein (1987) noted that the length 
and certain residues of the H3 region are not modified by 
somatic mutation. 

Conservative mutations engineered into residues that 
make direct contact with the antigen can change the 
affinity of the antibody-antigen interaction by factors of 
up to 10 3 , whilst conservative mutations engineered into 
the key residues that contact the antigen binding loops 
can change the affinity by factors of 3-10 (Amit et al> 
1986; Alzari et <//., 1990; Sharon, 1990; Denzin et <//., 
1991; Foote and Winter, 1992; Hawkins et r//., 1992, 
1993; Schiidbach et al % 1993; Chacko et «/., 1995; Chen 
et «/., 1995). Here, we have shown that although non- 
conservative mutations at key residues that contact the 
antigen binding loops are rarely observed, >17% of 
rearranged sequences have undergone conservative muta- 
tion at these sites. Whilst these changes are unlikely to 
disrupt or change the canonical structures of the antigen 
binding loops (see above), they may well play a role in 
affinity maturation by producing small shifts in their 
geometry. 
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We have used the polymerase chain reaction and V H family-based primers to clone and 
sequence 74 human germline V H segments from a single individual and built a directory to 
include all known germline sequences. The directory contains 122 V H segments with 
different nucleotide sequences, 83 of which have open reading frames. The directory 
indicates that the structural diversity of the germline repertoire for antigen binding is fixed 
by about 50 groups of V H segments: each group encodes identical hypervariable loops. The 
directory should help in mapping the V H locus, in estimating somatic mutation and V H 
segment usage and in designing and constructing synthetic antibody libraries. 

Keywords: human antibodies; heavy chain variable region; V H ; polymerase chain reaction 



1. Introduction 

Antibody architecture accommodates a wealth of 
structural diversity. Heavy and light chain variable 
domains (V H and V L ) each consist of a /?-sheet scaf- 
fold, surmounted by three antigen-binding loops 
(complementarity-determining regions, or CDRsJ; 
Kabut & Wu, 1971) of different lengths which are 
fleshed with a variety of different side-chains. The 
structural diversity of the loops can create binding 
sites of a variety of shapes, ranging from almost flat 
surfaces (Amit et al. y 1986) to deep cavities (Alzari et 
aL, 1990). Underpinning the structural diversity is a 
combinatorial genetic diversity. For V H domains, it 
is generated by the assembly of V H , D (diversity) 
and J H (joining) segments. Two of the CDRs (1 and 
2) are encoded by the V H segment, and CDR3 by the 
3' end of the V H segment, the D segment and the 5' 
end of the J H segment. With nucleotide addition 
(N-region diversity at the V H -D and D-J H joins), the 
use of different reading frames in the D segment, 
and the combination of different rearranged heavy 
and light chains, the diversity of primary antibody 
libraries is huge (for reviews, see Tonegawa, 1983; 
Winter & Milstein, 1991). During an immune 
response, the antibody variable regions are further 
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diversified by somatic hypermutation, leading to 
higher affinity binding of the antigen (Berek & 
Milstein, 1988). 

The human V H , D and J H segments have been 
mapped to band q32.33 of chromosome 14 (Croce et 
at., 1979; Kirsch et aL, 1982), and recombine during 
B cell development. Each V H segment encodes a 5' 
hydrophobic leader peptide and between 95 and 101 
amino acid residues of the mature domain flanked at 
the 3' end by two recombination signals consisting 
of a highly conserved heptamer (5'-CACAGTG-3'), a 
23-base-pair spacer and a less- conserved nonamer. 
The V H segments have evolved by unequal crossing- 
over, conversion, duplication and deletion (Wysocki 
& Gefter, 1989; Walter et aL, 1990) and can be 
divided into six families on the basis of nucleotide 
homology of 80% or above (Kodaira et at., 1986; 
Lee et aL, 1987; Shen et aL, 1987; Berman et aL, 
1988; Humphries et aL, 1988; Buluwela & Rabbitts, 
1988). The number of V H segments per individual 
has most recently been estimated as about 76 (25 
V H 1 segments, 5 V H 2 segments, 28 V H 3 segments, 14 
V H 4 segments, 3 V H 5 segments and 1 V H 6 segment; 
Walter et aL, 1990), although these figures are likely 
to be an underestimate (Berman et aL, 1988; Walter 
et aL, 1990). 

Earlier attempts to clone human V H segments 
have involved constructing and probing large 
cosmid libraries, and have been aimed at mapping 
and sequencing the whole V H locus, including pseu- 
dogenes (Kodaira et aL, 1986; Lee et aL, 1987; 
Berman et aL, 1988). In contrast, we set out to 
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Table 1 

Family -specific primers for PCR amplification of the V H exon 



VHl primers 
VH1 LEA EX1 
VHl LEA EX2 
VHl LEA IN 
VHl LEA EX 3 
VHl Fill (2-8) 
VHl FR1 (17-22) 
VHl HE IT 

VH2 primers 
VH2 LEA 
VH2 H KIT 

VH3 primers 
VH3 LEA1 
VH3 LEA2 
VH3 LEA3 
VH3 HE IT 
VH3 Fill 
VH3 FR3 
VH3 N0N1 

VH4 primers 
VH4 LEA 
VH4 HEPT 

VH5 primers 
VH5 LEA 
VH5 HE IT 

VH6 primers 
VH6 LEA 
VH6 HEFT 



5'-CCC AAG CTT CCA TGG ACT GGA CCT GGA G-3' 
5 -CCC AAG CTT TCA TGG GCT GGA CCT GCA A-3' 

5'-CCC AAG CTT G(A,G)A (A,G)G(A,G) GAT T(G,T) (A,G,T) (G,T)TC CAG T-3' 

5'CCC AAG CTT (T,C) (C,T) (C.T) (A,G)CA G(G t A) (T,C,A) (G,A) (C,T) (C,T,G) (C,T)A(C,T,G) (T,G)C-3' 
5'-CCC AAG CTT (C,G,T)CA(G,A) (C,T)T(A,G,T) (G,T)T(G,A) (C,T)A(G,A) (T,C)C(T,G) G-3' 
S'-ttXJ AAG CTT (T t A)C(A,«) G(T,C)G A(A,G) (G,A) (G,A)T(C,T) (T,A)CC TGC-3' 
ry-GGA ATT CT(C,U) TGG (G,T)TT (C,T)TC ACA CTG TG-3' 



5 -CCC AAG CTT C1T CTC CAC AGG GGT CTT ATC-3' 
5'-G<JA ATT CCA CTG TG(C,T) (C,G)CC GCG CAC A-3' 



5' CCC AAG CTT T(A,T)(C,T) (A,G)TG TGG CA<A,G,C,T) ITT CTG A-3' 

5'CCC AAG CTT T(A,T) (C,T) (A,G)T(C,G) TG(A.G) (A,C)A(A,G,C,T) TTT CTG A-3' 

5'CCC AAG CTT GT(A,T) TGC A(A,G)G TG(C,T) CCA GTG T-3' 

5' -GGA ATT C(A,C)T G(A,G)C (C,T)TC CCC TC(A.G) CT(C,G) TG-3' 

5' CCC CCA AGC TTT GT(G,C) CAG (G,C)CT CTG G(A,G)T TC-3' 

5'GCT CTA GAG T(G,A)A (G,A)TC (T,G)GC C(T,C)T TCA C(A,G)G-3' 

5'-GCT CTA GAG GTT TGT G(T,C)C (T,C)GG GC(G,T) CA-3' 



5'-CCC AAG CTT CTG TTC ACA GGG GTC CTG TC-3' 
5'-GGA ATT CAC TCA CCT CCC CTC ACT GTG-3' 



5'-CCC AAG CTT AGG TCA CAG AG(A,G) AGA A(C,T)G G-3' 
5'-GGA ATT CGC TGG TTT CTC TCA CTG TG-3' 



5'CCC AAG CTT TCA CAG CAG CAT TCA CAG A-3' 
5'-GGA ATT CCT GAC TTC CCC TCA CTG TG-3' 



determine the repertoire of human V H segments that 
contribute to the structural diversity of the V H 
domain. We employed the polymerase chain reac- 
tion (PCR) (Saiki et aL, 1988) as a method of ampli- 
fying individual V H segments. We designed family- 
specific primers for V H segments based on the 
heptamer and part of the recombination spacer at 
the 3' end of the V H exon, and regions of the leader 
exon or intron at the 5' end. Priming from the 
heptamer has been used to amplify mouse 
(llorglicwi-Nicolelti & Sclml/e, 1991) and human 
(Sanz et al y 1989c) V H segments and has the advan- 
tage that since the heptamer is lost during recom- 
bination, rearranged V H genes are not amplified. 

2. Materials and Methods 

(a) Primer design 

Primers were designed (Table 1) for each of the 6 V H 
families based on the sequences of published V H segments 
(Kodaira et aL, 1986; Lee et al. t 1987; Berman et al. t 1988; 
Humphries et aL, 1988) and were located as shown in 
Fig. 1(a). Forward primers were based around the highly 
conserved heptamer recombination sequence, 
5'-CACAGTG-3\ For 5 V H families, published germline 
sequences were used, basing forward primers (VHl 
HEPT, VH3 HEPT, VH4 HEPT, VH5 HEPT, VH6 
HEPT) on the heptamer sequence and an additional 11 to 
13 nucleotides from the recombination spacer. Degenerate 
nucleotides were incorporated to ensure the efficient 
priming of known germline genes from each V H family, 



and /?coRI restriction sites were added for cloning. As 
germline V H 2 sequences were not available, the forward 
primer (VH2 HEPT) was designed using the sequence of 
the third framework (FR) region from a rearranged V H 2 
gene, V CE ., (Takahashi et a/., 1984) adding 2 degenerate 
bases to substitute for those outside FR3, and then 
adding the conserved heptamer sequence. Familv-specific 
back primers (VHl LEA EX1, VHl LEA EX2, VHl 
LEA IN, VHl LEA EX3, VH2 LEA, VH3 LEA1, VH3 
LEA2, VH3 LEA3, VH4 LEA, VH5 LEA, VHO LEA) 
were based on those parts of the leader exon and intron 
that are highly conserved within, but not between. V H 
families, again incorporating degeneracy where necessary 
(VHl LEA EX1 and VHl LEA EX2 were mixed in equal 
ratios and are referred to as VHl LEA EX1/2). The back 
primers, VHl FR1 (2-8) and VHl FR1 (17-22), were 
subsequently designed using the sequences obtained with 
the first set of PCR primers. Hindlll restriction sites were 
added to all back primers for cloning. 

' 4 Internal" primers for the V H 3 family were designed 
based on those regions of framework 1 (VH3 FR1) and 
CDR2-framework 3 (VH3 FR3) that display the greatest 
homology within the V H 3 family (see Fig. 2(b)). Since 
EcoRI restriction sites were noted in 2 published V H 3 
pseudogenes (V 71 ., and V 71 . 3 ; Kodaira et aL, 1986) we 
changed the cloning site in the forward primer (VH3 FR3) 
to Xbal. 

(b) Preparation of genomic DNA 

Genomic DNA was isolated from peripheral white blood 
cells obtained from a healthy Caucasian donor, DP, using 
a method described by Perry & Carrell (1989). Briefly, 
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(b) 

Figure i. Family-specific primers for PCR amplification of the V H exon. (a) Locations of the family-based PGR 
primers with respect to the V H exon. FR, framework region; CDR, complementarity-determining region. Hack primers 
were based in either the leader exon or intron or in framework 1 of the V H segment. Forward primers were based around 
the heptamer and nonamer and at the junction of the CDR2 and framework 3. (b) PCR amplified genomic DNA from 
DP run on a 1*5% agarose gel. M, 0X174 M r markers; lanes 1 to 12, amplifications using the sets of primers depicted 
in (a). 



9 ml whole blood was collected in 1 ml 3*8% (w/v) triso- 
dium citrate (anticoagulant). The cells were lysed by 
adding the mixture to 90 ml ice-cold cell lysis buffer 
(0-32 M-sucrose, 1% Triton X-100, 5 mM-MgCl 2 , 10 mM- 
Tris- HCI (pH 7 5)) and left on ice for 15 min. The nuclear 



pellet was isolated by centrifugation at 1000£ at 4°C for 
15 min and then resuspended in 4-5 ml Tris/EDTA 
(lOmM-Tris-HCI (pH 8 0), 1 mM-EDTA). The pellet was 
lysed using 10 ml nuclear lysis buffer (0 32 m -lithium 
acetate, 2% (w/v) SDS, 10 mM-Tris HCI (pH 8*0), 1 niM- 
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KDTA), extracted twice with phenol/chloroform, once 
with chloroform and precipitated using ice-cold ethanol. 
Samples were resuspended in 500 a\ of water and quanti- 
fied by measuring their absorbance at 260 nm. 

(c) PCR amplification and sequencing 

Primers were synthesized on an Applied Biosystems 
(Foster City, CA) oligonucleotide synthesizer. Genomic 
UNA was amplified using the pairs of PCR primers 
(Fig. 1(a) and Table 1) in a Techne programmable Drt- 
Block PHC-I thermal cycler (Cambridge, UK) with either 
Pro mega (Madison, WI) or Cetus (Perkin Elmer, 
Norwalk, CT) Thermus aquaticus (Taq) DNA polymerase. 
Reaction mixtures (50 u\) were prepared containing 
25 pmol of each primer, 5 to 10 /ig of genomic DNA, 
2-5 unite of Taq polymerase, 200 um (each) dNTPs and 
the recommended buffer (Promega: 50 mM-KCl, 10 mM- 
TrisHCl (p.H8-8), l-5mM-MgCl 2 , 01% Triton X-100; 
Cetus: 50 mM-KCl, 10 mM-Tris* HC1 (pH 8*3), 1-5 mM- 
MgCI 2 , 0 001 % (w/v) gelatin). The reaction mixture was 
overlaid with paraffin oil and 30 cycles of amplification 
were performed. Each cycle consisted of denaturation 
(94°C for I min), annealing (55°Cfor 1 min) and extension 
(72°C for 2 min). At the end of 30 cycles, there was a final 
extension at 65 °C for 5 min. The product was analysed by 
running 5 u\ on a 15% (w/v) agarose gel. The remainder 
was extracted with phenol/chloroform, precipitated with 
ethanol and digested with restriction enzymes Hindlll 
and KcoXW (or Xbal). A band of the expected size was cut 
from a 1*5% low melting point agarose gel and then 
purified by adsorption onto glassmilk using Geneclean II 
(Bio 101, La Jolla, CA) or by electroelution followed by 
precipitation with ethanol. 

The product was ligated into M13-K19 (Carter et aL, 
1985) that had been digested with HindUJ and EcoRl (or 
Xbal). The ligation mix was used to transform E. coli 
HMH 71-18 cells (kronen born, 1976) by electroporation 
(Dower et «/., 1988) using the Bio-Rad (Richmond, CA) 
Gene Pulser and plated on TYE plates (Miller, 1972). 
Single-stranded template from selected plaques was 
prepared and sequenced using the dideoxy chain termi- 
nation method (Sanger et aL, 1977) and modified T7 DNA 
polymerase (Sequenase II, United States Biochemical 
Corp., Cleveland, Ohio). The sequence was read in one 
direction and compressions resolved using deoxyinosine 
triphosphate (Mills & Kramer, 1979). 

Several precautions were taken to avoid cross- 
contamination. PCR reaction mixes were subjected to 
high intensity short-wave u.v. radiation (Amplirad, 
Cenetic Research Instrumentation, Dunmow, Essex, 
U.K.) for 5 min before adding genomic DNA to destroy 
any DNA contamination. Negative controls (no genomic 
DNA added) were always included in all amplifications to 
check for DNA contamination. Independent amplifica- 
tions with identical sets of primers were undertaken 
simultaneously to avoid clones isolated from one amplifi- 
cation contaminating the next. In all cases we imposed 
the requirement that each germ line V H segment was seen 
in at least 2 independent amplifications. 

(d) Probing 

Oligonucleotide probes, 17 to 21 nucleotides in length 
(Table 2) were designed as described in Results, and 
synthesized as above. Phage plaques were picked onto 
duplicate TYE plates and grown as colonies for 30 h at 
37 °C. (Plaques that should hybridize to the probes were 
always included as positive controls.) The colonies were 



lifted onto Hybond nylon filters (Amersham Int., 
Amersham, U.K.), denatured in 5% (w/v) SDS. 2x SSC 
(300 mM-NaCI, 30 mM-trisodium citrate, pH 7 0) for 
2 min, baked in a microwave oven for 2*5 min and aut-o- 
crosslinked by short-wave u.v. (Stratalinker: Stratagene. 
La Jolla, CA) (Buluwela et al t 1989). Filters were pre- 
hybridized for 20 min at 42°C in 15 ml hybridization 
solution (1 M-NaCl, 1 x Denhardt's (002% FicolL 0 02% 
polyvinylpyrrolidone, 0*02% bovine serum albumin), 
100 mM-Tris -HCl (pH 7 5), 6*25 mM-EDTA, 1 mM-sodium 
pyrophosphate, 05% Nonidet P40, 0 006% rATP. 002% 
brewers' yeast tRNA) using a Techne HB-1 Hybridiser 
(Cambridge, U.K.). 

For probing, 15 pmol of oligonucleotide were phos- 
phorylated with 30/*Ci [ 32 P]dATP for 30 min using 

2 units of polynucleotide kinase (New England Biolabs, 
Beverly, MA) in 30 u\ 50 mM-Tris HC1 (pH 7-5), 10 niM- 
MgCl 2 , 1 mM-dithiothreitol, and incorporation of 32 P 
checked by electrophoresis of the oligonucleotide on an 
18% (w/v) polyacrylamide gel. The probe was added to 
the hybridization solution, and the filters were hybridized 
at 42 °C for 2 h and then washed with 40 ml 6 x* SSC (see 
above), 01% SDS, 01% sodium pyrophosphate at this 
temperature for 15 min and then for 20 min with 40 ml 

3 M-TMAC1 (tetramethylammonium chloride) in 50 mM- 
Tris HCI (pH 8-0), 01% SDS and 2 mM-EDTA (Wood et 
at., 1985) at 59°C (17-mer), 61°C (18-mer), 63°C (19-mer) 
or 67 °C (21-mer). Filters were dried and exposed to 
Kodak Fast Film overnight using an intensifying screen 
at -70°C. Filters were recycled by washing at 80 to 90 °C 
for 5 min in 2 x SSC and could be probed several times 
without loss of signal. 

(e) Compilation of germline and rearranged V H database 

DNA sequences were aligned and translated by a 
sequence analysis program (MacVector, IBI Kodak, New 
Haven, CT). In order to compile a comprehensive data- 
base of both human germline and rearranged V H 
sequences we searched MedLine (U.S. National Library of 
Medicine), GenBank (IntelliGenetics Inc., Real Mountain 
View, CA) and Kabat (Proteins of Immunological 
Interest, Kabat et al., 1991) databases (for references, see 
Figs 2 and 3) and incorporated our own data. Rearranged 
genes were assigned to their closest germline counterparts 
by the presence of specific motifs in the protein sequence 
indicative of a particular V H segment or by maximum 
homology of the nucleotide sequences (using MacVector). 

3. Results 

(a) Strategy 

We designed family-specific PCR primers based 
on sequences from the literature and amplified, 
cloned and sequenced germline V H segments from 
our donor DP. Nucleotide sequences were aligned 
and taken as confirmed when seen as identical in 
two independent amplifications. Genes which 
remained unconfirmed in phase 1 were probed for 
with 32 P-labelled oligonucleotides and sequenced in 
phase 2. 

(b) Phase 1: PCM amplification and sequencing of 
random clones 

Genomic DNA was amplified using sets of family- 
based primers. The majority of primer combinations 
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Table 2 

Oligonucleotide probes used for identification of germline V H segments 



V„l family 

Dp. I 5'-AGT A AT ACQ TGG CCG TG-3' 

|>|>.]/8 5' TOT GCC ACC ACT GTT AG-3' 

U|>-2 5'-CCA CTG CCA AOG ACG AT-3' 

DP-3/5/24 5-A1T GIT TCA CCA TCT TC-3' 

Dl>-4 5-TGC AGG TAG CGG TAG GT-3' 

DIM B'-ACC ATT GAA AGG TGT GA-3' 

DP.r, 5-TGG ATA ATT CAG TGA GG-3' 

U|>-0 5-ACT GTG TAA AGT ATT TG-3' 

DP 7/22 5-CAG TGC ATA TAG TAG CT-3' 

\)\kh 5-TCG TCA GAT CTC AGO CT-3' 

UP-9/10 5-CCA GCT GAT AGG ATA GC-3' 

DP-9/21 5'-GGT T(X: GAG TGT TGG TG-3' 

DIM!) 5'-TOC TGT ACC AAA GAT AG-3' 

DIM I 5'-AGG TGT ATC CAC AAG TCT-3' 

DP- 12 5'-ATC ACT AGG GCA CAC CAA-3' 

DP- 13 5'-ACA TTG GGT TCA OCA GGG-3' 

DP- 14/22 5'-TGT GTT ACC ATT GTA AG-3' 

DP-lf, R'-AGT TO A TAT CAT A AC TG-3' 

DC- 1 0/17/20 r/TTG CCA GAG TAG CTC <X>3' 

DP- 1 8 5 -GAT CTG A AG ACA CGC CG-3' 

DC- 19 f/ GAC TAG ACC AGT TGG AC-3' 

DP- 19 5' -GTT CAT AAA GTA GTC GG-3' 

DP-19 5'-TGC TCG A AG ATG TGT CC-3' 

DP- 19/23/25 5'-GTG TTA CCA TTG CCA GC-3' 

DP-21 5'-CAA CTC AG A CCC AG A TT-3' 

DP-22 5'CGG CCA TGT CGT CAG AT-3' 

DP-23 5 -GCA TAA AGT TGT TGG TG-3' 
DP-24 5'-CCC AGG TTT OCT CAC CT-3' 



DP-1/7/8/10/14/ 5'-CAC TGT GTC TCT CGC AC-3' 
19/21/22/23/25 

Rearranged gene probes 

333. 1H1, etc. 5'-CAG TGT ATG GTG GAG TCA C-3' 

VUJ101 5'-AGT CAG GGC ATG ATT ATT A-3' 

39-1 5'-GCC CAC ACC CAC TCC ACT AGT-3' 

41-1 5' -GCC CAC ACC CCC TCC ACT AGT-3' 



V„3 family 

DP-29 5'-TTG TTT CTA GTA CGG OCA A-3' 

DP-30 5' TTC TTA TTA AAC CTA iVA A-3' 

DP-31 5' CAC TAT TCC AAC TAA TAO 0-3' 

DP-32 5'-GTG CTA CCA CCA TTC OAA T-3' 

DP-33 5'-CAC CAT CCC AAC TAA TAA 

DP-36 5-AGC TTT GOT TTT A AT ACA G-3' 

DP-37 5'-AGC TTT GCT ITT A AT ACG G-3' 

DP-41 5'-GTG CAT CCC ATA GTT ACT G-3' 

DP-42 5'-TAC CAC CGC TAT AAA TAA C-3' 

DP-44/45 5'-GTG CCA CCA CCA GTA CCA A-3' 
DP-44/45/46/61 5'-CAG TGC ATA GCA TAG CTA C-3' 

DP-47 5'-CCA CTA CCA CTA ATA GCT G-3' 

DP-49/50 5' OAG TGC ATG CCA TAG CTA 0-3' 

IMMO/49 5'-TOA TAT GAT ATA A(T GOO A 3' 

DP-50 5'-TCA TAC OAT ATA ACT OiV A-3' 

DP-51 5'-CAG TTC ATG CTA TAO OTA C-3' 

DP-52 5 -CAG TGC AGA ACA TAG CTA 0 3' 

DP-53 5'-(X/A TCA CTA TTA ATA CGT G-3' 

DP-54 5'-TTC (^AT C1T GtT IT A TGT T-.T 

DP-55/56 5'-CCC CAT TAG GAT TAA CTT (i-3' 

DP-58 5'-AGT TCA TTT CAT AAC TA-3' 

DP-59 5'-CAG TTC ATG TCA CTG TTA 0-3' 

DP-60 5'-GTA GCC ATA GCA CGC ACT 0-3' 

DP-61 5'-ACC CCC ATT ACT ACT AAT A-3' 

V H 4 family 

V 2 | 5' -GCC CCA GTA GTA ACT ACT AOT-3' 

V 58 5'-GTA GTA ACC ACT GAC GGA C-3' 

V n 5'-AGT TGG GGT TCC- CAC TAT G-3' 

V 79 5' -GGT CCC CGG AGG CTT CAC C-3' 



produced good intensity PCR bands, as is shown in 
Figure 1(b), but amplifications using VH1 
EX3/VH1 HEPT and VH2 LEA/VH2 HEPT were 
variable and hence are not shown. Initially, 590 
random clones were sequenced (V H 1 family (170), 
V H 2 family (120), V„3 family (150), V H 4 family (120), 
V H 5 family (24) and V H 6 family (12)). With one 
exception (one V H 5 gene found in a V H 1 library), the 
primers proved family-specific. This initial round of 
sequencing established 35 V H sequences (including 
pseudogenes) that were identical in at least two 
independent PCR amplifications (V H 1 family (12), 
V H 2 family (3), V H 3 family (8), V H 4 family (10), V H 5 
family (I) and V H 6 family (1)) and by this criterion 
correspond to germline V H segments. 

Many sequences were unconfirmed due to single 
nucleotide differences between clones from indepen- 
dent amplifications, presumably due to errors intro- 
duced by the Taq polymerase. The 61 single base 
changes seen per 100 sequences for the V H 1 and V H 3 
families correspond to 7 x 10" 5 changes/nucleotide 
per cycle, which is consistent with the Taq poly- 
merase error rate suggested by Maruyama (1990). 

Other sequences, never confirmed in independent 
amplifications (but sometimes found in more than 
one clone from the same amplification), consisted of 
two parts, each of which could be aligned to 



different V H segments. As became clear on probing 
(see below), these sequences arose from partially 
extended fragments reannealing to a different 
segment after heat-denaturation. This phenomenon, 
termed "PCR cross-over", has also been seen in the 
detection of homologous recombinants (Frohnian & 
Martin, 1990) and in the amplification of prepro- 
insulin cDNA (Shuldiner et a/., 1989) and in this 
study accounted for 10% of all V H 1 and V H 3 clones 
sequenced. 

For the smaller V H families (V H 2, V H 4, V H 5, V H G), 
all sequences were confirmed in phase 1, or could be 
explained by PCR artifacts. But many sequences 
from the V H 1 and V H 3 families remained uncon- 
firmed, requiring systematic probing of a larger 
number of clones. 

(c) Phase 2: probing and directed sequencing 

With the V H 1 primers, 42 different sequences 
(excluding obvious PCR errors caused by single base 
substitutions) were obtained in phase 1. Only 12 of 
these sequences were identical in at least two inde- 
pendent amplifications. Therefore, motif-specific 
probes were designed (Table 2) such that each probe 
would identify a group of different V H 1 clones with a 
particular sequence motif. Hence, when each clone 
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was probed in turn with each of the 29 probes, it 
could be distinguished by its "fingerprint", i.e. the 
set of sequence motifs that it contains. Thus, 1750 
clones from independent amplifications using the 
five V H 1 -based primer combinations (Fig. 1) were 
regridded and hybridized with the 29 probes. Clones 
that appeared to confirm a sequence from phase 1 
by "fingerprinting" were sequenced. In this way a 
further 1 1 V H l sequences were confirmed and only 
two new (pseudo)genes (DP-17, DP-20) were dis- 
covered. Nineteen of the original 42 sequences could 
not be confirmed by probing, but 18 of these could 
be attributed to "PCR cross-over". 

For the majority of unconfirmed sequences in the 
V H 3 family, we designed gene-specific probes (17- 
and 19-mers, Table 2), except in the case of DP-46/ 
DP-49, where three probes were necessary for iden- 
tification, and DP-44/45 and DP-56/57, where dis- 
crimination between the two in each pair was not 
possible. Probes were centred on the region of 
greatest heterogeneity within a CDR and therefore 
a single probe (with the above exceptions) could 
identify a single V H segment. Thus, 1100 clones 
taken from independent amplifications with the 
three sets of V H 3 leader/heptamer-based primers 
(Fig. 1) were hybridized in turn with the 21 probes 
and a further 22 V„3 segments were confirmed by 
directed sequencing. The remaining unconfirmed 
sequences could be attributed to PCR artifacts. 

We also designed "internal" VH3 primers (VH3 
FR1 and VH3 FR3) based on sequence data from 
phase 1 and phase 2. Genomic DNA from DP was 
amplified as before, and 48 randomly selected clones 
were sequenced and confirmed, when necessary, in 
two independent amplifications by probing and 
directed sequencing. Only seven new V H segments 
were obtained, three of which appeared to be frag- 
mented pseudogenes with less than 60% homology 
to any known V H segment. Two sequences had been 
published before and have unusual heptamer 
sequences (DP-59/V„19 and DP-62/V 711 , respec- 
tively) and the other two sequences were new 
(DP-60 and DP-61). 

To isolate full length versions of genes DP-5B to 
DP-61, which have open reading frames, we 
designed a primer (VH3 NON1) based on nonamer 
sequences of V H segments reviewed by Pascual & 
Capra (1991). Amplifications of genomic DNA were 
performed using VH3 LEA3 and VH3 NON1, and 
the resulting fragments were cloned, regridded and 
probed with oligonucleotides specific for DP-59, 
DP-60 and DP-61. DP-59 and DP-60 were isolated 
from independent PCR amplifications, and shown to 
have unusual heptamer sequences. A full length 
version of DP-61 was not found in this library. 

We also attempted to confirm additional germline 
V H segments reported in the literature and germline 
analogues of published rearranged genes. Using the 
V H family-specific primers (Table 1) to amplify and 
clone germline V H 2, V H 3 and V H 4 segments, we 
probed (Table 2) for the germline V H segments V u , 
^58* V79 an( * (' jee €t '987), rearranged V H 
genes 39-1, 41-1 (Deane & Norton, 1990), VDJ191 



(Mensink et al, 1986) and 333, 1H1, 2C12, 2A12, 
1B11, 112, 115 and 126 (Cleary et al., 1986) (rear- 
ranged genes were probed for at low stringency, i.e. 
TMAC1 wash at 50°C). None of these genes was 
identified in our libraries. 



(d) Sequence directory 

The 74 germline V H segments (25 V H 1 segments, 
3 V H 2 segments, 34 V H 3 segments, 10 V H 4 segments, 
1 V H 5 segment and 1 V H 6 segment) cloned and 
sequenced by us are prefixed "DP", the initials of 
our donor and are denoted by running numbers. Of 
these, 51 have open reading frames and 23 contain 
either frame shifts or stop codons and are therefore 
considered to be pseudogenes. We have also 
included sequences of germline V H segments 
published by others. The protein and nucleotide 
sequences of all 83 germline V H segments with open 
reading frames are given in Figure 2(a) and (b), 
respectively, and nucleotide sequences of the 39 
germline V H segments with interrupted reading 
frames (either frame shifts or stop codons) in Figure 
2(c). In Figure 2(b), the nucleotide sequences in 
each family have been aligned to a sequence with an 
open reading frame, 21-2 (V H 1 family), V„ 5 (V H 2 
family), 12-2 (V H 3 family), V 71 . 2 (V„4 family), 
VH251 (V H 5 family), V H -VI (V H 6 family). The same 
sequences were used to align the pseudogenes in 
Figure 2(c). 

"fl-pl" is a V H segment described by Olee et al. 

(1991) , which was seen in amplifications of genomic 
DNA from two individuals, Fer and Pla, The V H 
segments hv3005b54, hv3019bl3, hv3Q19bl8 (Olee 
et at., 1991), V„4.12, V H 4.14, V H 4.15 (Sanz et al, 
1989c) are genes amplified by PCR, but not 
confirmed either by probing, independent amplifica- 
tions, a rearranged sequence or by independent 
work. These sequences may be the result of PCR 
artifacts and have therefore been excluded from 
Figure 2. 

Within each family, protein sequences are 
arranged alphabetically by the amino acid residues 
(single letter code) of CDR1 and where these are 
identical by CDR2 (Fig. 2(a)). Sequences with 
minor framework differences, which could include 
allelic differences, are therefore adjacent. Sequences 
with identical encoded CDRs 1 and 2 are grouped 
with brackets (these also have identical HI and H2 
hypervariable loops, as defined by Chothia et al. 

(1992) , except in the case of 21-2/3- l/DP-7 and 
HG3; and V„4.11/DP-71, V 71 . 4 and V H 4.16). The 
canonical structure classes of HI (CDR1) and H2 
(CDR2) (Chothia & Lesk, 1987; Chothia et al., 1989, 
1992) are shown, and those sequences that may be 
defective on structural grounds are marked with an 
X (see Chothia et a/., 1992). The canonical structure 
class of DP-61 is unknown. 

V H segments that have heptamers other than the 
conserved 5'-CACAGTG-3' motif are marked //. 
The nonamer is generally conserved within each 
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Fig. 2(b) continued 
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Fig. 2(b) continued 
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Fig. 2(c) 
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Fig. 2(c) continued 
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Figure 3. Assignment of rearranged human V„ genes to 
their closest germline counterparts, (a) Germline V H 
segments and the closest rearranged V H gene, references 
are (I) Bridges et al (I99l)f; (2) !>eane & Norton (1990)J§; 
(3) Kipps et al. (1989)§; (4) Manheimer-Lory et al. (1991)t; 
(5) Noma et al. (1984); (6) Pascual et al. (1990)f; (7) Marks 
et aL (I9916)J; (8) Silberstein et al. (1989)t; (9) Larrick et 
al. (1989a); (10) Schroeder & Wang (1990)H; (11) Ermel et 
al. (1991)t; (12) Karr et al. (1991)1f; (13) Brown et al 
(1991)t; (14) Schroeder et al. (1987)H; (15) Geng et al. 
(1991)f; (16) Marks et al. (1991a)t; (17) see Olee et al. 
(1991)1; (18) Timmers et al. (1991); (19) Bye et al (1992)J; 
(20) Schutte et al. (1991)Ht§, (21) Sanz et al (1989a)t; (22) 
Desai .et al. (1990)§; (23) Hughes-Jones et al (1990). 
(b) Distribution of the number of amino acid differences 
between each rearranged V H gene (268 examples) and its 
closest germline counterpart. Data were taken from the 
above references and Kenten et al (1982); Takahashi et al 
(1984); Kudo et al. (1985); Mensink et al (1986); 
Dersimonian et al (1987)t; Shen et al (1987)§; Berman et 
al (1988); Meeker et al (1988)§; Newkirk et al (1988); 
Cairns et al (1989)t; Carroll et al (1989); Chen et al 
(1989)§; Dersimonian et al (1989)t; Gillies et al (1989); 
Kishimoto et al (1989); Larrick et al (19896); Logtenberg 
et al (1989)11; Nakatani et al. (1989); Nickerson et al 

(1989) 11; Sanz et al (19896)t; Yasui et al (1989); Akahori 
et al. (1990); Felgenhauer et al (1990); Friedlander et al 

(1990) ; Guillaume et al (1990)Ht; Robbins et al (1990)f; 
Roudier et al (1990)|§; Siminovitch & Chen (1990)t; 
Spatz et al (1990 )§; van der Heijden et al (1990); White et 
al (1990); Andris et al (1990); Ezaki et al (1991)t; 
Friedman et al (1991)t; Kuppers et al (1991)§; Mortari et 
al (1991); Pascual et al (1991); Rioux et al (1991)t; 
Silberstein et al. (1991); van Es et al (1991)t; Mierau et al. 
(1992) . Some of the references include sequences from 



family: 

(V„l, 5'-TCAGAAACC-3'; 
V H 2, 5'- ACA A A A ACC-3' ; 
V„3, 5'-ACACAAACC-3'; 
V H 4, 5'-ACAAAAACC-3' or 

5'- AC AC A A ACC-3'; 
V H 5, 5'-TCTAAAACC-3'; 
V H 6, 5'-ACACAAACC-3'). 

Where the nonamer sequence differs from the family 
consensus the V H segment is marked N. 

We compiled a database of 292 rearranged (but 
not necessarily functional) V H genes and assigned 
268 of these, from 64 different sources (see legend to 
Fig. 3), to their closest germline counterparts. In 
Figure 3(a) we list the V H segments, each with an 
example of a rearranged V H gene with the smallest 
number of amino acid differences. These data are 
summarized in Figure 2(a), with sequences marked 
R having rearranged counterparts with the 
indicated number of amino acid differences. The 
distribution of the number of amino acid differences 
across all 268 assigned rearranged genes is shown in 
Figure 3(b): 215 of the 292 rearranged V H genes in 
our database have germline counterparts seen in DP 
(data not shown). 

We were unable to assign 24 rearranged genes 
from the V H 3 (VDJ191, Mensink et aL (1986); X51, 
X61, X71, Timmers et al (1991), K6H6, K4B8, 
K5B8, K5G5, K6F5, K5C7, Kon et al (1987); 333, 
1H1, 2C12, 2A12, 1B11, 112, 115 and 126, Cleaiy et 
al (1986)) and V H 4 (TS2, Shen et al. (1987); HIVB, 
Andris et al (1991); C6B2, Hoch & Schwaber (1987); 
2A4, Davidson et al (1990); 12-3, 30-2, Deane & 
Norton (1990)) families. Of these, 12-3 (Deane & 
Norton, 1990) is almost certainly the result of a 
PCR cross-over and the others appear tb be derived 
from a possible four to six unknown germline V H 
segments. 

(e) Germline sequence variability 

Based on data from Figure 2(a), we have 
constructed variability plots, shown in Figure 4, for 
germline V H segments with open reading frames 
from all six families, as well as separate plots for the 
V H 1 and V H 3 families. We only excluded those 
sequences marked X which may be defective on 
structural grounds (see above). At each position, a 
variability score was calculated as the number of 
different amino acids at that position, divided by 
the. percentage frequency of occurrence of the most 
common amino acid (see Kabat et al, 1991). 

4. Discussion 

(a) Cloning and sequencing strategy 

Our strategy for sequencing V H segments by PCR 
amplification of genomic DNA is based on the use of 

several different rearranged V H genes: all of the sequences 
(except where the genes could not be assigned, see 
Results) have been used. For key to annotation of refer- 
ences (f, t, § and H) see Discussion. 
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VH1 family 




4b so 
Amino acid residue 




4b so 
Amino acid residue 




40 50 

Amino acid residue 



Key: t No residues at this position 

Figure 4. Variability plot for germline V H segments. Variability was calculated (see Results) across protein sequences 
shown in Fig. 2(a), but excluding those that are likely to be defective on structural grounds (marked X). Plots were 
produced for the V H 1 family, V H 3 family and across all 6 families. 



family-specific primers designed from the sequences 
of the six known V H families. We were able to assign 
most of the rearranged V H genes to germline V H 
segments in Figure 2 with few differences in amino 
acid sequences (Fig. 3(b)), but may have missed V H 
segments that are significantly different in the 
primer regions; for example, we did not find the 
germline counterparts of the rearranged genes deter- 
mined by Cleary et al. (1986). Indeed, they have 



been classified as belonging to a new family (V H 7) by 
some authors (Schroeder et aL, 1990), but they 
might also be highly mutated genes derived from a 
known germline V H segment (especially as they were 
derived from B-cell lymphomas). 

Since our aim was to determine the structural 
repertoire of human V H segments, the majority of 
primers were designed to amplify genes with 
"functional" heptamer recombination sequences 
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(5'-CACAGTG-3'). We have therefore missed some 
genes with different heptamers, which presumably 
includes some pseudogenes. For example, three 
sequences which were amplified with internal V H 3 
primers and have unusual heptamer sequences, 
DP-59/V H 19, DP-GO and DP-62/V 711 , were not 
amplified using the heptamer primers. It is, 
however, unclear what constitutes a functional 
heptamer; indeed, in a recent study, Shin et al 
(1991) discovered two V H 2 segments with an 
unusual heptamer sequence (5'-CACAAAG-3'). One 
of these segments has been seen as a rearranged 
gene (see Fig. 3(a)). This suggests that the 
5'-CACAGTG-3' heptamer sequence is not the only 
one used for recombination and, consequently, that 
the D segment heptamer may also be degenerate. 
This, and the fact that these V H 2 segments (V n . 5 ) 
have an additional amino acid residue in framework 
3, may explain the poor performance of our V H 2 
primers and the relatively low number of V H 2 
segments isolated here. 

In addition, those genes with open reading frames 
(Fig. 2(a) and (b)) may be non-functional for other 
reasons. For example, the V H 1 segments 1-1 
(Herman et al, 1988) and V 71 . 5 (Kodaira et al, 1986) 
have single base differences in the recombination 
nonamer and the leader intron splice site, respec- 
tively, and 1-v (Berman et al, 1988) has a frame 
shift in the leader exon. Certain V H segments may 
also be defective on structural grounds (marked X 
in Fig. 2(a), see Chothia et al, 1992). 

To avoid polymerase copying errors, we screened 
more than 2000 clones using motif- or gene-specific 
oligonucleotide probes to ensure identical nucleotide 
sequences from two independent amplifications. 
Copying errors fell into two categories: base substi- 
tutions and PCR cross-overs. Substitutions might 
have been reduced by using a polymerase with a 5' 
to 3' proof-reading activity such as Vent (New 
England Biolabs, Beverly, MA) or Pfu (Stratagene, 
La Jolla, CA) DNA polymerases. However, under a 
range of conditions, these polymerases performed 
poorly (data not shown). PCR cross-overs occurred 
within the region of greatest homology, and were 
most easily detected by unexpected combinations of 
CDR1 and CDR2 due to a cross-over in framework 
2. This emphasizes the importance of confirmation 
from independent amplifications rather than from 
multiple clones of the same PCR; indeed, germline 
V H segments hv3005b54, hv3019bl3, hv3019bl8 
(Olee et al, 1991) and V H 4.12, V H 4.14, V H 4.15 (Sanz 
et al, 1989c) may be the result of PCR artifacts (see 
above). 

(b) Polymorphism 

In our directory (Fig. 2), which contains data 
from many individuals, we have a total of 122 V H 
segments with different nucleotide sequences (41 
V H 1 segments, 5 V„2 segments, 46 V„3 segments, 22 
V H 4 segments, 7 V H 5 segments and 1 V H 6 segment), 
including 83 V H segments with open reading frames 
and 39 pseudogenes. However, we cannot exclude 



polymorphism and allelic variation or distinguish 
between identical V H genes at different loci (possibly 
the result of a recent duplication). 

Southern blot analyses of restriction digests of 
DNA using cDNA probes (van Dijk et al., 1991), 
germline coding and flanking region probes 
(Souroujon et al, 1989) or short sequence-specific 
probes (Sanz et al, 1989c; Sasso et al, 1990; 
van Dijk et al, 1991) have demonstrated restriction 
fragment length polymorphisms (RFLPs) in the 
V H 3, V H 4 and V H 5 families. Some insertion/deletion 
polymorphisms have also been characterized and 
shown to involve, for example, at least one V H 2, one 
V H 3 and one V„5 gene (Chen & Yang, 1990; Walter 
et al, 1990), and one V H 1 gene (Shin et al, 1991). 
Indeed, we failed to clone from DP several V H 
segments reported in the literature, despite using 
suitable PCR primers and probes. Some of the V H 
segments not amplified from DP are also missing in 
other individuals. For example, of the V H 4 segments 
not amplified from our donor, one (V 58 ) seen in a 
Japanese study (Lee et al, 1987) was not found in 
an American study (Sanz et al, 1989c) and the 
absence of a second V H 5 segment, VH32 (see Sanz 
et al, 1989c), from our donor may be due to a 
deletion polymorphism affecting V H 5 genes in 50% 
of individuals (Sam et al, 1988). 

In our directory, we found that the nucleotide 
sequences of 23 V H segments from DP with open 
reading frames were identical to those from 
unrelated individuals. We found other V H segments 
with a few nucleotide differences but with identical 
translated CDRs 1 and 2 (bracketed in Fig. 2(a)) 
and these may correspond to different alleles. Thus, 
the following V H 1 segments differ by one nucleotide: 
V I2 , DP-8 and 1-1; DP-21 and V l4 , lb ; DP-14 and 
VH1GRR; 21-2/3-1/DP-7 and HG3; 7-2 and DP-4. 
The following V H 3 segments differ by one to six 
nucleotides: VHD26 and DP-30; DP-42 and 8-1 B; 
65-2/DP-44 and DP-45; fl-pl and DP-61; hv3005, 
hv3005f3 and GL-SJ2/DP-46. The following V H 4 
segments differ by one or two nucleotides: DP-67 
and V H SP /VH-JA/V H 4.22; V 79 /V H 4.19/V IV4b and 
DP-70; V H 4.18 and V 21 ; V„4.1 l/DP-71 , V 714 and 
V H 4.16. The following V H 5 segments differ by one 
or two nucleotides: VH251/DP-73, V H VJB and 
V H VCW; VH32 and V H VRG/V„VMW. Of course, 
other V H segments, for example, DP-10 and hvl263, 
and V,. 3b /DP-25 and V I 3 may also be alleles, but 
they encode differences in the CDRs and have there- 
fore been grouped separately. This is consistent with 
the suggestion that even diverse V H segments (V„. 5 
and V„. 5b ; V IV . 4 and V Iv . 4b ) could be alleles (Shin et 
al, 1991). 

Hence, we find a "core" of V H segments with open 
reading frames that are highly conserved in the 
antigen binding regions and differ by only a small 
number of nucleotides in the framework regions. 
This limited sequence polymorphism between 
unrelated individuals together with the insertion/ 
deletion polymorphism agrees with the suggestion 
that the germline V H repertoire is derived from a 
population of diverse haplotypes with a small 
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number of alleles at each locus (Sasso et al, 1990; 
van Dijk et al., 1991). 

Tn contrast to the limited sequence polymorphism 
in V„ segments with open reading frames, only five 
pseudogenes amplified from DP are identical to V H 
segments seen in unrelated individuals and a further 
five pairs differ by one or two nucleotides. The 
finding that certain pseudogenes are identical, or are 
very similar, in unrelated individuals (see Fig. 2(c)) 
has been previously noted (Kodaira et al., 1986) and 
may indicate a physiological role for them, possibly 
as donors for gene conversion, as in the chicken 
(Reynaud et al, 1989). 

(c) Assignment of rearranged genes 

As shown in Figure 3(b), the majority of 
rearranged genes, usually derived from mRNA, are 
very closely related to their gerrnline counterparts. 
This confirms that these gerrnline genes can be 
rearranged and transcribed and are probably trans- 
lated into protein. Some of the differences between 
the rearranged and gerrnline genes could be due to 
gerrnline polymorphism, but as this is limited (see 
above), the majority are probably caused by 
somatic mutation. In a few examples, the sequences 
of the rearranged V H genes appear to be a composite 
of two V H segments (21 513 and 216G; Marks et al., 
19916), which presumably arose by PCR cross-over. 

The assignment of rearranged human V H genes to 
their gerrnline counterparts may help in dissecting 
mechanisms of the human immune system. It 
enables us to determine the relative usage of parti- 
cular V H segments (the possible underexpression of 
V H I segments and overexpression of V H 4 segments) 
and the number and location of somatic mutations 
by which a particular antibody has been shaped. It 
also allows us to differentiate between immune 
responses that utilize V H segments with different 
levels of somatic mutation. For example, it has been 
repeatedly suggested that foetal antibodies and 
autoantibodies are dominated by rarely mutated or 
unmutated gerrnline V H genes and that these anti- 
bodies are often polyreactive (see Chen et al. t 1990; 
Hillson & Perlmutter, 1990; Siminovitch & Chen, 
1990; Pascual & Capra, 1991). 

Using our database of human rearranged V H genes 
we find that about three-quarters of the genes of 
foetal origin are gerrnline at the level of amino acid 
sequence and the rest have no more than five amino 
acid changes (see references marked ^ in Fig. 3 
legend). However, in the case of autoantibodies 
(autoimmunity related V H genes, see references 
marked f in Fig. 3 legend) there is no clear differ- 
ence in the overall number of amino acid changes 
compared to rearranged V H genes found in normal 
peripheral blood lymphycytes (see references 
marked J in Fig. 3 legend). This does not support 
the concept that autoantibodies are mainly encoded 
by rarely mutated or unmutated V H genes and 
reflects the current uncertainty about the origin of 
autoantibodies and the role of antigen stimulation 
(Dersimonian et al., 1990). Other interesting 



features emerge for different B cell malignancies. 
Whereas most of the V H genes isolated from acute 
lymphoblastic leukaemia (ALL) patients are rarely 
mutated or unmutated (Herman et al y 1988; Carroll 
et al, 1989; Deane & Norton, 1990), about half the 
V H genes isolated from patients with chronic 
lymphocytic leukaemia (CLL) contain more than six 
amino acid changes (see references marked § in 
Fig. 3 legend). Very highly mutated V H genes (17, 
20, 43 amino acid changes) have been detected in 
other B cell tumours, such as myelomas (White et 
al, 1990; Kenten et al, 1982; Yasui et al, 1989). 

(d) Number of human V H segments 

Estimates of the number of human V H segments 
per individual have been based on restriction digests 
of genomic DNA probed for each V H family, but are 
likely to be underestimates (due to bands co- 
migrating on the gel). For example, Southern blot 
analyses of digested DNA from HeLa and LA-N-5 
cell lines yielded 60 to 80 hybridizing fragments 
(Berman et al., 1988) but the authors estimated the 
total number of V H segments to be between 100 and 
200. More recently, two-dimensional pulse field gel 
electrophoresis of digested homozygous DNA 
(Walter et al, 1990) suggested a total of 76 V H 
segments (25 V H 1 segments, 5 V H 2 segments, 28 V H 3 
segments, 14 V H 4 segments, 3 V H 5 segments and 1 
V H 6 segment). 

We have cloned and sequenced 74 human V H 
segments (25 V H 1 segments, 3 V H 2 segments, 34 V H 3 
segments, 10 V H 4 segments, 1 V H 5 segment and 1 
V H 6 segment). Fifty-one of these have open reading 
frames, and 23 contain either frame shifts or stop 
codons and are therefore considered to be pseudo- 
genes. While the number of pseudogenes amplified 
from DP is likely to be an underestimate due to 
primer bias, the number of V H segments with open 
reading frames (51) seems to correspond to the 
coding repertoire of an individual. Indeed, 215 of 
292 rearranged V H genes from different (non-DP) 
individuals have gerrnline counterparts seen in DP. 
The extent to which our individual is representative 
of the human population as a whole depends on the 
exact nature of polymorphism within the V H locus. 
To determine this, we need a physical map of the V H 
segments from individuals with different genetic 
backgrounds, in which individual V H loci have been 
sequenced. This would tell us the number of 
different sequences in the human V H segment pool, 
the total number of loci and the number of alleles at 
each locus. 

(e) Structural diversity of human gerrnline 
V u segments 

In order to focus on the structural diversity of 
antigen binding sites implicit in the gerrnline V H 
repertoire of the human population, we grouped 
together (bracketed in Fig. 2(a)) those V H segments 
that encode identical CDRs 1 and 2. We have 
selected those V H segments with rearranged counter- 
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parts (marked R in Fig. 2(a)) and excluded a few V H 
segments (marked X in Fig. 2(a)), which appear to 
be defective on structural grounds (Chothia et al, 
1992) and therefore are unlikely to contribute to the 
functional V H repertoire. 

This suggests that the structural diversity 
encoded by human germline V H segments is deter- 
mined by a minimum of 43 groups of rearranged V H 
segments, each encoding identical CDR loops. This 
figure is likely to increase as rearranged counter- 
parts of other germline~V H segments in Figure 2(a) 
are discovered and as a few additional germline 
segments are determined from different individuals. 
However, those V H segments with heptamers other 
than the 5'-CACAGTG-3' motif (marked // in 
Fig. 2(a)) and those with nonamers that differ from 
the family consensus (marked N in Fig. 2(a)) may 
be unable to recombine and hence not be expressed. 

In order to determine the possible extent of 
sequence diversity, our variability plots (Fig. 4) are 
calculated using sequence data from all germline V H 
segments of the 43 structural groups and those 
germline sequences for which no rearranged 
counterparts have yet been discovered. The use of 
germline V H segments eliminates the effects of 
somatic mutation and sampling bias present in vari- 
ability plots of rearranged V H genes (Kabat et al., 
1991). 

The plots are consistent with the classification of 
framework (FR) and complementarity-determining 
regions (CDR) defined by Kabat et al. (1991), but 
new features do emerge. Firstly, variability is higher 
in CDR2 than in CDR1. Secondly, the hyper- 
variable region of CDR2 only comprises residues 50 
to 58, rather than 50 to (35, with the last seven 
residues of CDR2 (59 to 05) being highly conserved 
within each of the six families. Thirdly, in addition 
to CDR1 and CDR2, we find two regions of 
unusually high variability across all six families. 
One of them is residue 16 and the other is centred 
around residue 73 and corresponds to a loop 
adjacent to CDR2. The region in framework 3 is 
particularly variable in the V H 1 family and may 
function by altering the conformation of CDR2 for 
antigen binding, or make additional contacts 
directly with the antigen (like in the case of the light 
chain FR3 in the D1.3/E255 complex: Bentley et al, 
1990). Alternatively, it may interact with an 
unidentified ligand involved in the biology of the B 
cell response, for example, a superantigen 
(Schroeder et al, 1990; Sasso et al, 1991). 

(f) Conclusion 

Our strategy has enabled us to determine the 
human germline V H segments with open reading 
frames from a single individual (DP). The compari- 
son with germline V H segments from other indivi- 
duals and with 292 rearranged V H genes suggests 
that sequence polymorphism is limited, and that the 
directory could be used to map the V H locus in 
different individuals, to determine the usage of 
specific V H segments in immune responses and to 



detect somatic mutation or gene conversion events 
in vivo. 

The directory indicates that the structural diver- 
sity of the germline repertoire for antigen binding is 
fixed by about 50 groups of V H segments. Each 
group encodes identical hypervariable loops and has 
been seen as a rearranged gene. The limited diver- 
sity encoded by germline V H segments emphasizes 
the importance of the additional diversity provided 
by the D and J H segments and by somatic mutation. 
It suggests that our repertoire of V H segments from 
DP should be sufficient for building libraries of 
human antibodies with known components (Winter 
& Milstein, 1991; Marks et al. y 1991a). 
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Abstract 



Advances in the molecular biology of human diseases indicate that the most 
striking manifestations of illness may be caused not by exogenous pathogenic 
or tumor porducts, but rather by toxic peptides produced by the host itself 
Tumor necrosis factor (TNF), a polypeptide cytokine produced during infec- 
tion, injury, or invasion, has proved pivotal in triggering the lethal effects of 
septic shock syndrome, cachexia, and other systemic manifestations of dis- 
ease. Because removing TNF from the diseased host may prevent development 
of the illness, this factor has recently been the focus of intensive research This 
review discusses the biology of this cytokine, with particular emphasis on its 
potential therapeutic role in septic shock and cachexia. 



INTRODUCTION 

Infection, cancer, or inflammation triggers production of immunological medi- 
ators termed cytokines. These hormone-like peptides may enter the blood- 
stream to alter the biology of distant tissues, or they may behave as paracrine 
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mediators that act only locally. In some diseases, cytokines are benefical to the 
host, representing an integral component to the immunological defense net- 
work. In other cases, however, cytokines actually cause the most striking 
manifestations of the disease (e.g. shock, tissue injury, weight loss). One 
cytokine that has been widely studied for its role in human disease is tumor 
necrosis factor (TNF). TNF produces a broad scope of injurious and benefical 
effects that make this cytokine especially important as a potential therpeutic 
target. Because the number of primary research publications in this field is too 
large to permit comprehensive review, this chapter presents an abridged re- 
view of the role of TNF in human disease, with particular emphasis on im- 
plications for future therapy. 



STRUCTURE, BIOSYNTHESIS, AND RECEPTORS 

The term tumor necrosis factor (TNF) refers to two closely related cytokines 
(encoded by separate genes) known as tumor necrosis factor-ct (TNF, 
cachectin) and tumor necrosis factor-p (lymphotoxin, TNF-(J). Both cytokines 
interact with the same cell membrane receptors, and both have been implicated 
as pathogenic mediators of human illness. However, because much less is 
known about the pathobiology of lymphotoxin, the remainder of this discus- 
sion is confined to cachectin (TNF). 

TNF is synthesized by macrophages and other cells in response to bacterial 
toxins, inflammatory products, and other invasive stimuli (Table 1). At least 
three different biological activities have been used to detect TNF in biological 
samples. These activities include cytotoxicity against tumor cells, suppression 
of adipocyte lipoprotein lipase (LPL), and reduction of myocyte resting mem- 
brane potential (Em) (Table 1). The gene for human TNF encodes a pro- 
hormone that is inserted into the cell membrane as a polypeptide with an 
apparent molecular weight of 26 kDa (1-3). This membrane-bound form of 
TNF is bioactive as assayed by cell cytotoxicity and has been implicated in the 
paracrine activities of TNF in tissues. In response to bacterial endotoxin (lipo- 
polysaccharide, or LPS) and other stimuli, the 26 kDa form is proteolytically 
cleaved into a 17 kDa polypeptide subunit composed of 157 amino acids (4, 
5). Three of these TNF monomers associate noncovalently to form a trimer (6, 
7). The resultant bell-shaped trimeric form is the predominate bioactive form 
of TNF in serum and other bodily fluids. 

Two types of TNF receptors, Type I (TNFR-55) and Type II (TNFR-75), 
are present on the plasma membranes of virtually all cells except the erythro- 
cyte The receptors share structural homology in the extracellular TNF-binding 
domains and exhibit similar binding affinity for TNF, but they induce separate 
cytoplasmic signaling pathways following receptor-Hgand binding (8, 9). Re- 
ceptor-ligand interaction likely leads to the clustering of three receptors to one 
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Table 1 The biochemistry of TNF 



Structure 



Stimuli to TNF 
release 



Cellular sources 



Cellular biological 
activities 



Serum half-life 



Membrane-associated form is 26 kD 
Secreted form is 17 kD 
Biologically active form is a bell-shaped 
structure composed of three noncovalently 
bound 17 kD molecules 

Bacterial toxins: 

(lipopolysaccharide, enterotoxin, toxic shock 

syndrome toxin) 
Viruses: HIV, influenza 
Mycobacteria 
Fungi 
Parasites 

Products of complement activation 
Antigen-antibody complexes 
Cytokines 

Macrophages 
Lymphocytes 

Polymorphonuclear leukocytes 

Eosinophils 

Astrocytes 

Langerhans cells 

Kupffer cells 

Cytotoxic to some tumor cells 
Growth factor for some tumor cells 
Suppresses LPL in adipocytes 
Decreases Em in myocytes 

6-20 minutes in mammals following intravenous 
bolus injection 



TNF trimer (10). This interaction triggers maximal cellular responses when as 
little as 10% of the cell membrane receptors are occupied. Internalization of 
the bound ligand is not required for cellular activation (II). A number of 
postreceptor signaling pathways have been implicated in the cellular mecha- 
nisms of TNF-R signal transduction, but the task of assigning individual 
pathways in the mediation of specific cellular responses is incomplete. 

Cleaved fragments of both receptor types, also known as TNF-binding 
proteins (TNF-BPs), have been detected in the urine and serum of patients 
with a variety of diseases, including cancer, AIDS, and sepsis (12-16). The 
biological role of these TNF-BPs is interesting because in some cases they 
inhibit or neutralize the activity of TNF by preventing receptor-ligand interac- 
tion. In other cases, however, the TNF-BPs may prolong or enhance the 
activity of circulating TNF by stabilizing the trimeric structure of the cytokine, 
thus preventing clearance from serum (17, 18). Investigators have ideologi- 
cally reasoned that TNF-BPs are released during periods of acute excessive 
cytokine production to simultaneously prevent the toxic effects of 
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hypercytokinemia and to provide a pool of bioactive TNF that is slowly 
released during the host response to invasion. 

BIOLOGICAL EFFECTS OF TNF IN VIVO 

The biological and metabolic effects of TNF in vivo have been delineated by 
investigators employing primarily three experimental approaches: (a) direct 
administration of highly purified recombinant TNF; (b) administration of anti- 
TNF antibodies that neutralize the TNF produced endogenously after LPS, 
tumors, or other stimuli; and (c) administration of TNF with another agent(s) 
that increases or decreases biological response to TNF. These studies have 
provided an abundant volume of physiological data about the biology of TNF 
in experimental animals, volunteer subjects, and patients afflicted with cancer 
or seplic shock syndrome. In general, the biological effects of acute, high-dose 
systemic TNF exposure differ from the effects of repeated exposure to lower 
doses of TNF (Table 2). These dose-dependent biological responses, which are 
discussed separately for clarity of presentation, are not discontinuous but 
rather represent the spectrum of biological activities triggered by the direct and 
indirect actions of systemic TNF exposure (reviewed in 19, 20). 

Acute Exposure to High Doses of TNF Results in Shock and 
Tissue Injury 

The earliest reported studies of systemic exposure to recombinant^ derived 
human TNF revealed that it causes a syndrome of shock and tissue injury that 
is virtually indistinguishable from septic shock syndrome (21, 22). Within 
minutes after acute intravenous or intra-arterial administration of TNF (in 
quantities that could be produced endogenously by the host during infection), a 
syndrome of shock, tissue injury, capillary leakage syndrome, hypoxia, pul- 

Table 2 Systemic effects of TNF 



Acute, high dose 



Chronic Low Pose 



Shock and tissue injury 

Catabolic hormone release 

Vascular leakage syndrome 

Adult respiratory distress syndrome 

Gastrointestinal necrosis 

Acute renal tubular necrosis 

Adrenal hemorrhage 

Decreased muscle membrane potentials 

Disseminated intravascular coagulation 

Fever 



Weight loss 

Anorexia 

Protein catabolism 

Lipid depletion 

Hepatosplenomegaly 

Subendocardial inflammation 

Insulin resistance 

Enhanced rate of tumor metastasis 

Acute phase protein release 

Endothelial activation 
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monary edema, and multiple organ failure associated with a high mortality 
ensues. Despite the short circulating serum half-life (6-20 min), the phasic 
appearance of TNF in the circulation triggers a cascade of classical hormonal 
and cytokine responses that persist for hours after serum TNF has been cleared 
and culminate in lethal end organ injury (21, 22). Hemodynamic studies indi- 
cate that TNF leads to decreased cardiac output, reduced filling pressures, and 
diminished ejection fraction as occurs in endotoxic or septic shock (23). Al- 
though other cytokines implicated in the development of septic shock syn- 
drome possess some degree of toxicity, TNF is the only known factor suffi- 
cient to initiate the complex metabolic, hemodynamic, and pathological se- 
quelae of septic shock syndrome (reviewed in 24). 

These responses to TNF are mediated in part by its direct effects and in part 
by secondary mediators triggered by TNF itself. An abridged list of these 
secondary mediators includes epinephrine, norepinephrine, glucagon, Cortisol, 
ACTH, growth hormone, interleukins -1 and -6, y-interferon, platelet-activat- 
ing factor (PAF), and a number of eicosanoids. Nonsteroidal anti-inflamma- 
tory agents that prevent eicosanoid biosynthesis result in an attenuation of the 
metabolic effects of TNF (e.g. fever, myalgia), but they do not uniformly 
protect against lethal shock and tissue injury (25, 26). Agents that inhibit PAF 
may provide protection against TNF-induced gastrointestinal ischemia as well 
(27). IL-1 receptor antagonists and antibodies against y-interferon partially 
abrogate the toxicity of TNF by reducing the synergistic effect of these cyto- 
kines on TNF-induced tissue injury (28). 

Anti-TNF antibodies that neutralize systemic exposure to TNF prevent the 
development of shock and tissue injury in animal models of endotoxic and 
septic shock syndrome (29-34). In addition to preventing the direct effects of 
TNF itself, anti-TNF antibodies also prevent the development of the TNF-trig- 
gered hormonal and cytokine cascade (29, 35). These and other investigations 
have prompted the evaluation of anti-TNF antibodies in randomized, prospec- 
tive, multicenter clinical trials in the US and Europe. Although the efficacy 
results of these trials are unavailable pending completion of the trials, prelimi- 
nary data indicate that anti-TNF confer a servival advantage to patients with 
septic shock syndrome. 

Chronic TNF Exposure Causes Cachexia and Tolerance 

The biological effects of chronic exposure to TNF have been investigated by 
adminstering TNF via three different schedules: (a) repeated injection of TNF; 
(b) continuous infusion of TNF; and (c) injection of genetically engineered 
tumors that secrete TNF constitutively. The net effect of prolonged exposure 
to TNF by any route is the development of cachexia characterized by anorexia, 
weight loss, dehydration, and depletion of whole-body protein and lipid. As. 
with the acute biological responses, some chronic effects of TNF are directly 
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attributable to the cytokine itself, whereas others are the result of secondary 
factors triggered by TNF. 

For example, TNF acts directly in the hypothalamus to mediate fever, 
anorexia, and the release of corticotropin-releasing factor (CRF) (reviewed in 
36). Adipocytes exposed to TNF are depleted of lipid and develop net insulin 
resistance caused by a suppression of iipogenic enzymes that prevents the 
incorporation of glucose into lipid (37-39). Myocytes exposed to TNF exhibit 
a decrease in resting membrane potentials, which contributes to the develop- 
ment of intracellular sodium sequestration and third-space dehydration (22, 
40, 41). Other muscle responses to TNF include insulin resistance, lactate 
release, and net protein degradation (22, 42-44). In contrast, the responses of 
liver to TNF are more anabolic in nature, with net increases in the biosynthesis 
of lipids, acute phase proteins, and other cytokines (44, 45). 

The magnitude of these TNF-mediated cellular responses depends on the 
quantity of TNF present in the cellular milieu, but obtaining an accurate 
measure of TNF levels in tissues has proven exceedingly difficult. For in- 
stance, compartmentalized production of TNF in one organ may induce meta- 
bolic changes in distant organ systems, thereby confounding an assignment of 
specific biological effects of TNF. This occurs when large amounts of TNF are 
produced in the brain and causes profound anorexia without whole-body pro- 
tein loss. High levels of TNF released from peripheral tissues cause less severe 
anorexia but more severe protein catabolism (46). Thus the biological effects 
of TNF are dependent on where it is produced in the body. 

During early investigations of the effects of chronic exposure to TNF, we 
and others discovered that animals receiving TNF by repetitive injection de- 
veloped a tolerance for its toxic effects (i.e. weight loss and shock) (42, 47, 
48). Although the molecular basis for this desensitization phenomenon re- 
mains unknown, it cannot be attributed to the formation of anti-TNF antibod- 
ies. TNF tachphylaxis may be due to altered expression or function of periph- 
eral TNF receptors or to the release of neutralizing TNF-BPs, but these 
hypotheses have not been verified. Because TNF is a pivotal mediator of 
endotoxic shock, it is perhaps not surprising that animals made tolerant to TNF 
are also protected against subsequent exposure to bacterial endotoxin (LPS) 
(47). The mechanisms underlying this protected state are believed to result 
from both decreased tissue reponsiveness to TNF and decreased synthesis of 
TNF in response to LPS (49-5 1). 

TNF Produced in Tissues Causes Inflammation 

TNF is a pivotal mediator of inflammation that activates leukocytes, enhances 
adherence of neutrophils and monocytes to endothelium, promotes migration 
of inflammatory cells into the intercellular matrix, stimulates fibroblast prolif- 
eration, and triggers local production of other proinflammatory cytokines. 
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These and numerous other inflammatory effects have been implicated in the 
beneficial effects of TNF. During the early phases of infection, invasion, 
neoplastic transformation, injury, or wound healing, these inflammatory ac- 
tions are thought to contribute to the localization and walling off of infection, 
cytotoxicity against malignant cells, facilitation of tissue remodeling. Presum- 
ably these beneficial effects of the TNF gene, not its toxicity during sudden or 
chronic overproduction, led to its conservation throughout mammalian evolu- 
tion. 



THE PATHOBIOLOGY OF TNF 



Serum TNF Levels 

Interpretation of serum TNF levels is hampered by the complex interaction of 
a number of factors (Table 3). Commonly used TNF assays are based on TNF 
bioactivity (cytotoxicity against specific cell lines) or TNF immunoreactivity 
(ELISA). In either case, however, it is often difficult to determine precisely 
what is being measured. For instance, some TNF-BPs neutralize TNF bioac- 
tivity but do not prevent recognition of the bound TNF by ELISA. In other 

Table 3 Factors that influence the interpretation of serum TNF levels in health 
and disease. 



Factors 



Assessment 



Normal range 
Binding proteins 

Assay variables 



Intermittent production 



Synergy with other 
mediators 

Secondary mediators 



Site of production 



Unknown; may be elevated in healthy 
volunteers 

Circulating receptor fragments that bind TNF 
may neutralize bioactivity in some cases 
but prolong biological effects in others 

ELISAs measure immunoreactivity, but do 

not indicate bioactivity. 
Bioassays measure specific activity but do 

not indicate free TNF levels. 
Bioassays may not be equivalent to 

physiological (lethality) assays 

TNF release is discontinuous. 
Intermittent bolus production occurs 
throughout the course of protracted illnesses. 

IL-1, Y-interferon, LPS, and other factors 
increase the biological effects of TNF. 

TNF triggers the appearance of a cascade of 

secondary mediators. 
The biological effects of this cascade are 

temporally dissociated from TNF itself. 
Compartmentalized production of TNF (e.g. in 

brain) mediates systemic effects 
independent _of blood leve Is. _ _ 
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cases, the TNF-TNF-BP complex may actually exhibit higher bioactivity than 
the uncomplexed TNF trimen Another confounding variable in the clinical 
application of TNF serum assays is that TNF acts in part by triggering a 
cytokine and hormonal cascade that persists for some time after the intial TNF 
burst is cleared. These secondary mediators (e.g. IL-1, y-interferon) may syn- 
ergistically increase the toxicity of TNF even when TNF is present at levels 
below the limits of detection of currently available assays. At present there is 
no available measure of integrated TNF exposure over time that is analagous 
to hemoglobin- A Ic in monitoring chronic hyperglycemia. The development of 

Table 4 Abridged List of Diseases in which TNF may participate as a 
pathobiological mediator. 



Disease 



Implicated biological effects of TNF 



Septic Shock 



Cancer 



AIDS 



Transplantation 

Multiple Sclerosis 
Diabetes 

Rheumatoid arthritis 
Trauma 

Malaria 
Meningitis 



Adult respiratory distress 
syndrome 



Hypotension 
Myocardial suppression 
Vascular leakage syndrome 
Organ necrosis 

Stimulates release of toxic secondary 

mediators 
Activates clotting cascades 

Induces cachexia 
Stimulates tumor growth 
Enhances metastatic potential 
Mediates cytotoxicty 

Induces cachexia 
Stimulates viral proliferation 
Mediates central nervous system injury 

Key mediator of allograft rejection and graft 

vs host disease 
Triggers veno-occlussive disease 

Cytotoxicty to oligodendrocytes 
Induces inflammatory plaques 

Promotes death of Islets 
Mediates insulin resistance 

Activation of tissue inflammation 
Implicated in joint destruction 

Increases energy expenditure 
Promotes bacterial translocation 
Vascular leakage syndrome 

Brain inflammation 

Capillary thrombosis and infarction 

Brain inflammation 
Breakdown of blood-brain barrier 
Triggers septic shock syndrome 
Activates venous infarction 

Stimulates leukocyte-endothelial activation 
Direct cytotoxicity to pneumocytes 
Vascular leakage syndrome 
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such a hypothetical test for TNF will be expected to improve systemic TNF 
production in disease. 

TNF IN MEDICINE 

Advances in molecular biology and medicine continue to shorten the time 
between the discovery of a cytokine and the clinical application of this knowl- 
edge. Although recombinant TNF has only been readily available to investiga- 
tors for 10 years, TNF has already been implicated in the pathobiology of 
dozens of human diseases (Table 4). Moreover, this research has led to inter- 
national clinical trials addressing the role of TNF in septic shock, cancer, 
rheumatoid arthritis, malaria, and other afflictions. An abridged discussion of 
the pathogenic role of TNF in septic shock syndrome and cancer follows. 

Septic Shock Syndrome 

Whereas early investigators attributed the pathological sequelae of septic 
shock syndrome to the direct toxicity of the invading organisms, it is now 
generally believed that most (if not all) of the pathological sequelae of septic 
shock syndrome are triggered by an acute overproduction of cytokines (52, 
53). TNF has been implicated as a pivotal mediator of septic shock syndrome 
because (a) it is acutely overproduced and released systemically during over- 
whelming sepsis (54); (b) administration of TNF itself causes shock and tissue 
injury indistinguishable from septic shock syndrome (21, 22); (c) passive 
immunization with anti-TNF antibodies prevents septic shock syndrome (29); 
(d) neutralization of TNF in septic shock syndrome attenuates the characteris- 
tic cytokine and hormonal cascade (29, 35); and (e) transgenic mice with a 
mutation of TNFR-I are protected against endotoxic shock (55). These and 
other data suggest that septic shock syndrome is dissociable from the presence 
of the bacteria themselves because when the biological effects of TNF are 
neutralized, septic shock syndrome fails to develop despite the presence of live 
bacteria in the bloodstream (29). 

Several strategies to prevent TNF toxicity in septic shock syndrome have 
been proposed. One approach is to directly inhibit TNF with antibodies or 
TNF-BPs (16, 29, 33). Another is to inhibit TNF production using gluco- 
corticoids, pentoxifylline, thalidomide, cyclosporine A, or IL-10 (56-59). It 
has also been suggested that TNF may be removed from the plasma by filtra- 
tion. Finally, therapy may be targeted against TNFs secondary mediators such 
as 1L-1, y-interferon, PAF, or the eicosanoids (28, 60-62). At present, a ran- 
domized, prospective, multicenter clinical trial for monoclonal anti-TNF anti- 
bodies is underway that will hopefully provide data on the efficacy of reducing 
TNF toxicity in patients with septic shock syndrome. 
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Cancer 

The initial hope that TNF should prove useful as a specific and potent antineo- 
plastic factor has waned. Nonetheless, continuing investigations using high 
doses of TNF infused directly into a tumor compartment (i.e. liver, extremity, 
or brain) may yield the desired efficacious result (63). Another experimental 
approach seeks to identify specific signal transduction pathways unique to 
TNF cytotoxicity mechanisms that are distinct from its injurious shock-induc- 
ing effects. Another strategy is based on the observation that some human 
tumors produce TNF, which then stimulates tumor growth as an autocrine 
growth factor. These cases prompted the investigations into the use of anti- 
TNF strategies to reduce tumor growth in a subset of cancer patients. 

TNF has also been implicated in the pathobiology of cancer cachexia, but 
its role in this metabolic disease is less well defined than in septic shock 
syndrome. TNF production is increased in macrophages obtained from cancer 
patients and tumor-bearing animals (64, 65). Prolonged exposure of animals to 
TNF causes cachexia with typical losses of protein, lipids, and red blood cell 
mass (42, 46, 66). As in cancer cachexia, TNF-induced cachexia also causes 
insulin resistance and derangements of glcuose metabolism. Ultimately, the 
cachectic host dies from loss of body protein, but the molecular basis for 
TNF-induced muscle protein loss remains unknown. Ongoing investigations 
address the mechanisms by which TNF causes net protein catabolism in ca- 
chexia. 

FUTURE IMPLICATIONS 

The realization that an endogenous mediator (TNF) is capable of killing the 
septic patient has catalyzed intensive efforts in drug development. As the 
mechanisms of TNF-induced toxicity are further delineated, we hope that 
additional strategies directed toward the molecular basis of shock, tissue in- 
jury, and protein loss will emerge. 
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Humanized antibodies 

Greg Winter and William J. Harris 



Hybridoma technology enabled rodent monoclonal antibodies to be created 
against human pathogens and cells, but these had limited clinical utility. 
Protein engineering is now generating antibodies for treatment of infectious 
disease, autoimmune disease and cancer by 'humanizing' rodent antibodies. 
Humanized antibodies have improved pharmacokinetics, reduced immuno- 
genic^ and have been used to clinical advantage. 



The antibody is an adaptor molecule containing bind- 
ing sites for antigen at one end and for effector mol- 
ecules at the other, and has evolved to bind to a vast 
range of antigens. Binding alone may be sufficient to 
neutralize some toxins and viruses, however, more 
commonly, the antibody triggers the complement sys- 
tem and cell-mediated killing. Although antibodies are 
natural therapeutic agents, it has proved difficult to 
make human monoclonal antibodies (mAbs) by 
hybridoma technology. 

Rodent mAbs unfortunately have serious disadvan- 
tages: a short half-life in serum; only some of the dif- 
ferent classes can trigger human effector functions; and 
the mAbs can also elicit an unwanted immune 
response in patients (human anti-mouse antibodies or 
HAMA). HAMA can result in enhanced clearance of 
the antibody from the serum, blocking of its thera- 
peutic effect and hypersensitivity reactions. These prob- 
lems have prompted the use of protein engineering 
technologies to 'humanize' rodent mAbs by transplant- 
ing antigen-binding sites from rodent to human anti- 
bodies. In principle, humanizing allows access to a 
large pool of well-characterized rodent mAbs for ther- 
apy, including those with specificities against human 
antigens that are difficult to elicit from a human 
immune response 1 . 

The engineering of antibodies is facilitated by the 
modular arrangement of protein domains: the heavy- 
and light-chain variable (V) domains are responsible 
for binding to antigen, and the constant domains to 
effector functions. As both complement and cell- 
mediated killing require fully glycosylated antibody, 
the engineered mAbs are expressed in mammalian 
hosts. Each antibody domain is encoded by a different 
genetic exon and, to build recombinant antibodies, the 
exons are pasted together. The exons encoding variable 
domains (V genes) can be cloned from the genomic 
DNA of a B-cell hybridoma: more conveniently, the V 
genes of hybridomas are isolated from the mRNA by 
use of the polymerase chain reaction (PCR). The V 
genes are readily linked to those exons encoding 
constant domains for expression of mAbs 2 (Fig. 1). 
Expression vectors have been built with both antibody 
and viral promoters and enhancers, with V and C 
genes as different exons ('genomic') or linked together 
('cDNA'). Different markers for selection of trans- 
formed cells are available and in both myeloma and 
CHO hosts 3 - 4 mAb expression is greatly enhanced by 
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amplifying the number of integrated copies, resulting 
in yields of up to 0.7 g/1 in fermenters 5 . 

Building humanized antibodies 

The first generation of humanized antibodies were 
simple chimaeric mAbs, in which the variable domains 
of a rodent mAb are transplanted to the constant 
domains of human antibodies (Fig. 1). This reduces the 
immunogenicity of the rodent mAb (see below) and 
allows the effector functions to be selected for the thera- 
peutic application. Thus the human yl isotype appears 
to be the most effective for complement and cell- 
mediated killing, while the human y4 isotype appears 
more suitable for imaging and blocking 6 . 

The second generation of humanized antibodies 
were the socalled complementarity determining regions 
(CDR) - grafted antibodies, in which the antigen- 
binding loops of the rodent mAb were built into a 
human antibody. The architecture of each antibody V- 
domain consists of a P-sheet sandwich surmounted by 
antigen-binding loops in different antibodies, these 
CDR loops are hypervariabie in sequence (Fig. 2). It 
is this hypervariability that allows the antibody 
repertoire to bind a potentially vast array of antigens. 
By transplanting (or grafting) the CDRs from rodent 
mAb to human antibody, the antigen-binding site can 
also be transferred 7 ; indeed the same human frame- 
work can be used for mounting different antigen-bind- 
ing sites 7 ** 9 . However, to recreate the antigen-binding 
site it is also necessary to consider other possible inter- 
actions between the p-sheet framework and the loops. 
With the help of molecular modelling it is possible to 
design framework substitutions that maintain key con- 
tacts with the CDR loops. 

For example, with the rat antibody CAMPATH-1 
directed against the CDw52 antigen of human lympho- 
cytes, the simple grafting of the CDRs failed to trans- 
plant the binding activity to a human antibody. When 
the three-dimensional folding of the VH-CDR1 loop of 
the rat antibody and its contacts with the rat frame- 
work were modelled by computer graphics, the frame- 
work amino acid residue Phe27 was predicted to pack 
against the loop. However, in the human framework 
of the CDR-grafted antibody, Phe27 was replaced by 
Ser27; indeed when Ser27 was mutated to Phe in the 
CDR-grafted antibody, the binding activity was 
restored 8 . In other examples, enhancement of antigen 
affinity was achieved stepwise by combining several 
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Fig. 1. Clotting of heavy and light chain V genes from the mRNA of a mouse 
B-cell hybridoma into vectors comprising (human) genes encoding constant 
domains, for expression of mouse-human chimaeric antibodies 
in mammalian cells. 




Fig. 2. The frsheet framework structure of heavy- and light-chain variable 
domains with hypervariable loops 1-6. (The figure is taken from Winter, G. 
and Milstein, C. (1991) and is reproduced with permission 



framework substitutions 10,11 . Indeed analysis of anti- 
body structures is leading towards the identification of 
sets of framework residues that may exert an influence 
on CDR structure 11 and also on the packing of the 
strands of the (J-sheet 12 . 

The first CDR-grafted antibodies were based on the 
known crystallographic structures of the human 
myeloma proteins 7 " 9 . CDR-grafted antibodies have also 
been built with consensus human frameworks based 
on several human heavy chains 13 . The use of a single or 
a limited number of human frameworks offers the 
prospect of a range of therapeutic antibodies that are 
almost identical, apart from the CDR sequences. 
Conversely a range of framework structures should be 
capable of supporting the CDR loops, and 'hyper- 
chimaeric' CDR-grafted antibodies have used 
mouse-human frameworks. For example, to humanize 
a mouse antibody directed against the human IL-2 
receptor (anti-Tac), a human framework sequence was 
selected by homology. A molecular model was then 
used to identify those framework residues of the 
rodent antibody that might interact with the antigen- 
binding loops, and these were built into the selected 
human framework 14 (Fig. 3). Chimaeric frameworks 
have also been proposed in which the internal residues 
that pack between the domains and with the antigen- 
binding loops are derived from the rodent sequence 
and the solvent accessible residues are taken from a 
human sequence 15 . 

Most generally, all of the rodent CDRs are trans- 
planted from mouse to human antibody. However, 
some CDRs are more important than others for bind- 
ing of antigen, as evident from the crystallographic 
structures of antibody-antigen complexes. The inter- 
action of antibody loops with antigen involves both 
main-chain and side-chain contacts: as the CDR loops 
of mouse and human antibodies fold in a limited num- 
ber of ways 16 , it is possible to maintain some main- 
chain contacts while varying some of the side chains 
(and sequence) of the CDRs 17 . 

There is some loss in binding affinity on CDR-graft- 
ing but, in combination with some framework alter- 
ations, it is usually possible to obtain a reshaped anti- 
body with an affinity within three fold of the parent 
monoclonal antibody. High binding affinities may be 
critical for neutralization of a cytokine or toxin in the 
serum; they appear to be less important where multiple 
interactions can occur with high avidities, as with mul- 
timeric (cell surface) antibody binding to repeated epi- 
topes on a viral coat 9 . However, small improvements 
in affinity have been seen for some CDR-grafted anti- 
bodies 18 , and binding affinities can also be improved in 
vitro, by chain shuffling 19 , or random mutation 20 . 

Using humanized antibodies 

Both chimaeric and CDR-grafted antibodies appear 
to have better pharmacokinetics than rodent mAbs, 
with extended serum half-life (>75 hours) in humans 
and cynomolgus monkeys. Likewise the immunogen- 
icity is reduced. Much of the HAMA response to 
mouse antibodies in patients is directed against the 
constant region: chimaeric antibodies and CDR-grafted 
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the immunogenic epitopes being located in the variable 
regions. Indeed much of this response is directed 
against the antigen-binding site (for review see Ref. 4). 

No antibody response was detected against the 
CDR-grafted anti-CDw52 antibody during the treat- 
ment of two patients with non-Hodgkin's lymphoma 
for up to 43 days with escalating doses of antibody 
ranging from 1 to 20 mg/day 21 . Also, no response was 
reported when the antibody was used in a single course 
of therapy for rheumatoid arthritis patients 22 or in con- 
junction with an anti-CD4 antibody in treatment of a 
patient with intractable systemic vasculitis 23 . However, 
an antibody response was detected on further treat- 
ment of the rheumatoid patients 22 . Antibody responses 
were not detected against other CDR-grafted anti- 
bodies used for radio-imaging in tumour patients 24 or 
treating acute graft-versus-host disease 25 . 

Chimaeric and CDR-grafted antibodies have been 
constructed against a wide range of viral and bacterial 
pathogens, and against human cell surface markers 
including tumour cell antigens. Some of the targets are 
summarized in Table 1. CDR-grafted antibodies 
against lymphocyte markers have already been used to 
clinical advantage. The anti-CDw52 antibody was 
used to deplete a large tumour mass in two lymphoma 
patients, and to achieve clinical remission 21 . Likewise, 
this antibody resulted in significant clinical benefit for 
a patient with systemic vasculitis 23 , and for rheumatoid 
arthritis patients 22 . The anti-Tac antibody was used for 
immunosuppression following allogeneic marrow 
transplantation, and resulted in improvement in sev- 
eral cases of acute graft-versus-host disease 25 . 

Future prospects 

As shown above, humanized antibodies can be engin- 
eered from rodent mAbs. Their use has been demon- 
strated in the clinic, and they have a longer serum half- 
life and reduced immunogenicity compared to rodent 
mAbs. They therefore appear to be promising as thera- 
peutics, especially for a single course of treatment. It is 
not yet clear whether humanized (or even human) anti- 
bodies will elicit a blocking immune response over 
longer or several courses of treatment. 

The immunogenicity of humanized antibodies is 
likely to depend on several factors, including the 
immune state of the patients, and the dose and regime 
of antibody administration. The target is also likely to 
be important; antibodies directed against cell-bound 
antigens might be expected to be more immunogenic 
than those binding to soluble antigen. Furthermore, 
since foreign framework regions can elicit an immune 
response 26 , we might also expect that the differing 
strategies to select and mutate human frameworks, as 
above, could lead to reshaped antibodies with differing 
immunogenicity. For example, human antibody frame- 
works that are mutated {in vivo or in vitro) with 
respect to the germ-line segments could prove 
immunogenic: even buried residues could form the 
critical element of a T-cell epitope if presented as a de- 
natured peptide by a class II MHC molecule 27 . Indeed 
it may be desirable to design CDR-grafted antibodies 
by using framework regions based on human germ-line 
V-gene segments. 



Fig. 3. Computer model of the main-chain backbone of the humanized anti- 
Tac antibody, with the CDRs in red and altered framework residues in blue 
(the figure is from prospectus 28 Jan. 1 992 of Protein Design Laboratories 
and reproduced with permission by L. Korn). 



The design of antibodies for therapy would cer- 
tainly be revolutionised if in vitro assays were available 
to test the immunogenicity of different constructs. 
However the key practical issues are not whether the 
immune response can be avoided entirely, but how it 

Table 1. CDR-grafted antibodies for therapy (see also Ref. 3) 



Target 



Clinical potential 



CDw52 


lymphomas, systemic vasculitis, 




rheumatoid arthritis 


CD3 


organ transplantation 


CD4 


organ transplants, rheumatoid 




arthritis, Crohn's disease 


IL-2 receptor 


leukaemias and lymphomas, organ 




transplants, graft-versus-host disease 


TNF-a 


septic shock 


HIV 


AIDS 


RSV 


respiratory syncytial virus infection 


HSV 


neonatal, ocular and genital herpes 




infection 


Lewis-Y 


cancer 


pl85 HKR2 


cancer 


PLAP 


cancer 


CEA 


cancer 



TNF: tumour necrosis factor; HIV: human immunodeficiency virus; RSV: 
rous sarcoma virus; HSV: herpes simplex virus; pl85-HER-2: human 
epidermal growth factor receptor 2; PLAP: placental alkaline phos- 
phatase; CEA: carcinoembryonic antigen. 



can be bypassed, for example by changing the idiotype 
of the engineered antibody, and whether the antibodies 
can be used for long enough to achieve clinical benefit. 

So far we have focussed almost entirely on the con- 
struction and use of glycosylated antibodies expressed 
in mammalian cells. However, the use of antibody 
fragments may be advantageous in some applications, 
since they penetrate tissues more readily, and are 
cleared more rapidly from the serum. This may help in 
neutralizing and clearing drugs from the serum, or in 
imaging tumours with radioactive entities coupled to 
the fragments 1 . Although antibody fragments, lacking 
the glycosylated Fc portion, cannot trigger effector 
functions, they could in principle be equipped to do so, 
for example by chemically linking Fab fragments 
together 28 as bispecific antibody fragments (with one 
arm binding a tumour cell antigen and the other 
binding and triggering effector cells such as cytotoxic 
T cells or monocytes). 

Furthermore, antibody fragments can be expressed 
by secretion from bacteria 29,30 , and can be readily 
derived from the V genes of hybridomas, or from V 
gene repertoires. The repertoires are cloned for display 
on the surface of filamentous bacteriophage by fusion 
of the encoded antibody fragment to a coat protein of 
the phage, and phage with the desired activities selec- 
ted by binding to antigen. Indeed this technology mim- 
ics the strategy of immune selection, and human anti- 
body fragments with specificities against many differ- 
ent foreign and human self-antigens have been isolated 
from the same 'single pot' of phages (see Refs 31, 32 
for review). 

Over the past century we have seen three generations 
of antibody therapeutics: polyclonal animal antibodies, 
rodent monoclonal antibodies and now humanized 
antibodies. We anticipate that the use of 'repertoire 
selection' technologies to make human antibodies and 
fragments will provide the next generation. However 
in the meantime it seems likely that humanized anti- 
bodies will prove clinically useful for treating several 
diseases, and the experience should prove valuable for 
designing and formulating the next generation of anti- 
body therapeutics. 

Greg Winter is at the MRC Laboratory of Molecular 
Biology and the MRC Centre for Protein Engineering, 
Hills Road, Cambridge, UK CB2 2QH; William Harris is 
at the Dept of Molecular and Cell Biology, Marischal 
College, University of Aberdeen, Aberdeen, UKAB9 IAS. 
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